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CHARNOCKITIC ROCKS OF SANTA LUCIA RANGE, 
CALIFORNIA 


ROBERT R. COMPTON 


Department of Geology, Stanford University, Stanford, California 


ABSTRACT (i tonalites of the bread crystalline core of Santa Lucia Range differ 

t f bundant normal granitic rocks of the region in that they are dark 

llotriomorphic, and consist large f antiperthitic andesine, hypers 

nblende, ilmenite, and garnet otassium-argon determinations in- 

rocks are Cretaceous, and there is moderate evidence that the 

an earlier stage of the same plutonic cycle, The prin ipal 

but the recrystallization of thin basic dikes that cut it 

wkitic characters by late-igneous or subsequent processes. 

(Sur series) are of amphibolite facies elsewhere in the 

Ve rted to granulite facies assemblages in and lo« ally near®r 

granulite-facies minerals that formed at the same time as 

[ ntrated around it but are typically less hydrous than the 

wks in which they occur, The close genetic relation of these various rocks is indicated 

1y the persistence of mineral species in rocks of various compositions, by the narrow range 

(1.0-1.2) of Fe/Mg in all the matic minerals except garnet, and by the abnormally high 

values of Na/K and Fe’’/Fe’”’ in both the pluton and the veins, The coarse-grained nature 

is, the widespread occurrence of fracture-controlled alterations, and the appreci- 

ible metasomatism affected during the formation of the veins all indicate that the char- 

nockitization was produced by fluids that passed through the solidified part of the pluton 
1 out into the country rocks, chiefly along fractures opened by the intrusion. 


of the veir 


INTRODUCTION 
Charnockites and related plutonic rocks occur in many Precambrian ter- 
rains, and they have been interpreted variously as igneous rocks that crystal- 
lized either at great depths or from dry magmas, as metamorphosed igneous 
rocks, and as sedimentary and volcanic rocks that have been metamorphosed 
and metasomatized profoundly. Such divergence of hypotheses is not, of course, 


unique to charnockites; however, mapping at scales adequate to develop the 
relations of charnockites to older rocks has been frustrated in a disappointingly 
large number of cases by the vastness of some of the terrains, by the poor ex- 


posures in others, and by widespread retrograde metamorphism in still others. 
Moreover, detailed relations on fresh surfaces are obscure because charnockites 
tend to be as dark colored and as allotriomorphic as the granulites with which 
they occur. These difficulties are certainly being met by recent and current 
researches in the world’s major charnockite areas, and no doubt maps and 
cross sections showing the critical relations of charnockites to other rocks will 
he forthcoming soon. Meantime, some additional understanding may be gained 
by considering areas where charnockitic rocks occur only locally, where their 
reometric relations to older rocks are reasonably clear, and where the meta- 
morphic reactions by which lower grade minerals have been altered to min- 
erals of granulite facies can be traced with reference to charnockitic bodies, It 


s the purpose of this paper to describe such an occurrence. 
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ature Judged from a review of the large literature on charnock- 
an appreciable share of the “charnockite problem” may well be 
diverse use of rock names, and although there is not here the space 


uss these names adequately, their meanings as used in this paper will be 


een found in the Santa Lucia area, but wher 
textures. as described by Holland (1900. P 134-142). The adjective 
tic W be used to denote other rocks that have textures and minerals 
rocks lan larnot te Series and that occur as plutons, 


vyhere empla ement (intrusive or metasomatic) ol 


r to potassic hypersthenic granites with allotrio 


observed or inferred reasonably, The simple and 

listinction is that the use of the names 

otherwise be ambiguous, for these rocks may 

urthermore, it should be noted that 

and described structural associations that 

meant summarized the field characters of his Charnock 
» Series under the 1900, p. 212): 

at massifs (his italics). 


apophyses proceeding from the ma 
mass through adjoining formations. 


‘ion rocks and the changes they show. 


tam ph sm ot the surrounding rot ks. 


of some occurrences of these features may require revision, 


admirably firm frame of reference by which to 


It is remarkably well suited to the Santa 


his outl ne serves 
other charnockit ciations 


ucia rocks 

With this distinction made, then, the name granulite will be used for 
lavered d variable country rocks with granoblastic texture, It will not be 
rocks of granulite facies but will be used in parallel with such 


imes chist The term granulite jactes will be used for meta 


morphi issemblages hypersthene has formed in rocks of suitable 
composition, regardless th texture: this is the pyroxene eranulite sub 


Turner. and Verhoogen. 1958, p. 254). 


NERAL GEOLOGIC SETTING 


wks are a minor constituent of the broad mass of igneous 
rocks that forms the core of Santa Lucia Range. All the 


itonic rocks of this core originated before the Late Cretaceous, for by that 
re then covered by | pper ( retaceous and 


p 
ly and wel 
10.000 feet in 


time they were eroded det p 
trata that range from a few thousand to more than 
thickness. Following major diastrophism in the middle to late Pliocene and 
the Pleistocene epor ns, this sedimentary cover was eroded off much of the 
complex pattern of interfolded and 


Tertiary Ss 


northern part of the range, leaving a 


faulted sedimentary relicts that are shown only diagrammatically in figure 1. 


Rocks of the Jurassic and/or Cretaceous Franciscan group have not been 


found between the plutor isement and the younger sedimentary cover, but 


wks 
caused 
‘ 
| 
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map of north part of Santa Lucia Range, with generaliz nl ¢ attitudes 


l 


ilong coastal ridge. Heavy lines are faults, Modified from Geolog 
nings and Strand, 1959). 


they are displaced against these rocks along the Sur-Nacimiento fault system. 
Relatively recent erosion has cut so swiftly into the basement rocks that relief 
within the plutonic areas is commonly between 3000 and 5000 feet, In spite of 
the steep slopes, however, much of the country is covered by brush and trees, 
and some parts of it are practically inaccessible, Fortunately, the largest and 
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rocks can be visited readily along 
roads that traverse the main coastal 
occur on Cone Peak and near Grimes 
ind chemical data reported in this 
ls. Broader reconnaissance studies in 
ve helped establish the very important 


he noted in the brief des« riptions that 


i Range probably all correspond 
ur series by Trask (1926, p. 134), 
» understood clearly that no indi 
rocks has ever been described With 
irble lenses, no major lithologic units 
because of the difficulties of the 
calation of a broad range of rock 
order of abundance, are quartzo 
ilicate granulites, amphibolites (main 
dimentoge marble clearly dedolomitized), and biotiti 
Most of these rocks are medium. to 
by veins and dikes of granitic com 
‘ir mineral assemblages are mainly of 
manite-almandine Dl f the amphibolite facies, as defined by 
Turner (in Fyfe. Turner. ane gen, 1958, p. 230-232) ; however, granu 
te-facies assemblages occt y. Diaphthoritic minerals are common, and 
u widespread. especially in the marbles, The Sur series has 
inv other formation in the West, and 


moderate cat 


y its metamorphic nature to suggest it is 
sozoic( 7) fossils have been re ported Irom 
10 miles northeast of Santa Lucia Range 

teiche, whose report on the Lucia quadrangle 
charnockitic rocks, attributed the main 


burial (load metamorphism) (1937, p 


i 
s parallel to the stratiform rocks does in 


however. small-scale isoclinal folds and isolated 
r of places in the region, and many rov ks 
main c¢ | ridge have aligned linear crystals of sillimanite, biotite, or 
blende it e parallel with these folds, typically at low angles along 

» southeast trend of the ridge 
The general progress of the plutonic history olf the region is pointed up by 
us small bodies of ultramafic rocks, which include both the oldest 
youngest intrusives (pargasite 


ranulites and various related clinopyroxene-bearing granulites form scarce 
enses and sills(?) in and near the areas of charnockitic rocks, and they are 
thought to represent the first intrusions of the region. emplaced hefore a 
ranulite-facies metamorphism, Far more numerous hodies. probably emplaced 


In t paper, tl te eur sed instead of the term d ke where the feature is 


ind composition, 


ptor 
(‘a ind t 
eS 

Precambrian, possible relicts of } 

Y es of e G in Peak 

Bowe 1 (or 1959 | 

iY most thre S 

0-13] fact ts at 
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during a waning amphibolite-facies stage of the same metamorphism, consist 
mainly of coarse-grained brown hornblende with minor olivine and pyroxenes. 
Other ultrabasic bodies are altered to green amphiboles, still others to serpen- 
tine minerals, while scarcely altered peridotites and related rocks occur in 
several places, in one instance cutting charnockitic tonalite, Basic intrusive 
rocks occur as dikes and other small bodies emplaced before the principal 
metamorphism and also during it. 

Granitic rocks make up 95 percent or more of the intrusive rocks; they 
onsist mainly of tonalite and granodiorite, with lesser amounts of adamellite 
and potassic granite. Parts of the areas shown as granitic rock in figure 1 in- 
clude a good deal of diked and veined metamorphic rocks; however, recon- 
naissance studies indicate that there are several plutons that are reasonably 
homogeneous, with sharp contacts against the Sur series, Most of the granitic 
rocks differ from the charnockitic rocks in being light colored and containing 
only biotite and green hornblende as mafic grains, but tonalites of the com- 
position pluton that surrounds Junipero Serra Peak have some charnockitic 
characters, This possible connective between the charnockitic rocks that will 
be described in this paper and the normal granitic rocks is particularly in- 
triguing because determinations by the potassium-argon method on six granitic 
rocks (none charnockitic) from widely scattered localities in the Coast Ranges 
gave ages of 81.6 to 91.6 million years (Curtis, Evernden, and Lipson, 1958, 
yp. 9-10); one of these rocks (at 81.6 million years) is from near Carmel, at 
the north end of Santa Lucia Range. 

Tentatively, the metamorphic and plutonic history of the rocks of Santa 
Lucia Range may be outlined as follows: 

1. Dynamothermal metamorphism of the Sur series to amphibolite facies 
with folding around axes that trended approximately with the present range. 

2. Emplacement of ultrabasic, basic, and rather mafic granitic rocks. 

High-temperature metamorphism, converting intrusive bodies to 


charnockitic rocks and forming veins with granulite-facies minerals in the Sur 


1. Continued (or much later?) metamorphism in amphibolite facies, with 
emplacement of minor ultrabasic rocks and major granitic masses of Cretaceous 
9. Intrusion of small ultrabasic bodies, partly before and partly after 
shearing, granulation, and diaphthoresis. 
This paper will describe a small pluton and associated metamorphic rocks 


formed during stages 2 and 3, above. 


STRUCTURAL RELATIONS OF THE MAIN CHARNOCKITIC PLUTON 


General form of the pluton—The main body of charnockitic rocks is a 


small pluton that is exposed for 7 miles along the Pacific Ocean and adjacent 
coastal ridge. This body is elongated parallel to the northwest trend of the 
coast and is approximately concordant to the stratiform Sur series into which 
it was emplaced (fig. 1). The northeast contact strikes nearly parallel to the 
Sur series, and the metamorphic rocks bend sharply to an east-west strike 


around the north end of the pluton; however, in many places the contact cuts 


series 


( ompton 


Gross-diop.-woll. qzts 


/ 


Hypersthenic 


granulites 


regardless of whether they are calcareous, 

fic, 2). The general geometry of the body 

I ipped 1 north end the iter, and at its south end by Reiche (1937, 
ded map ndicates that of of the pluton plunges at low angles both 
er, less uniform, and faulted bodies of 

orly in and near Devils Canyon, 8 miles 

north fork of Limekiln Creek, 11 miles 
(eranulite facies) veins are likewise 
These relations suggest that the 

under most of the ridge in this region. 
yntacts of the pluton are sharp in most 
f basic granulite are permeated with 
few tens to a few hundreds of feet from 


ion. The relations between the main charnockitic body and these 


veined metamorphic rocks are especially well exposed in sea cliffs and road 
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cuts near Grimes Canyon, and they are best shown in a cross section (fig, 3) 
because the slopes are very steep and most contacts dip moderately. The upper, 
northeast contact of the pluton is sharp and roughly parallel to the layered Sur 


series, 


Coast Ridge 
{ 3000" 
1B 


Vertical cross section through north end of charnockitic pluton, Location of 


own in figure 2, 

\ large plate-like inclusion of basic granulite (altered amphibolite) and 
other metasedimentary rocks cuts across Highway | at and near the line of 
section. This inclusion is not only broken by the plutonic body, but dikes of 
charnockitic tonalite can be seen to pass from the mass below up into the basic 
granulite. The planar fabric in these dikes is typically parallel to their walls, 
regardless of what direction they may follow through the metamorphic rocks. 
Furthermore, the basic granulites themselves are devoid of all but the vaguest 
planar fabric, and where this can be seen, it may be cut at any angle by the 
dikes. 

In addition to these transgressive, intrusive dikes, there are countless thin 
veins, nodes, and discontinuous schlieren of charnockitic rocks in the granu- 
lite, and these bodies typically have no visible planar fabric, Their composi- 
tion is variable but commonly more mafic than the tonalite, and some consist 
of no more than a string or patch of hypersthene crystals or a concentration of 
hypersthene and black hornblende, Large poikilitic garnets occur here and 
there, both in the veins and in the adjoining granulite. Where fresh, even the 
more feldspathic veins are difficult to see at a glance because they are almost 
as dark as the black granulite; however, somewhat altered rocks that show 
structural details clearly can be seen in excellent outcrops along the beach 
north of Grimes Canyon (fig. 4). Similar veins occur widely in the vicinity of 
the pluton, and they are interpreted as metasomatic for reasons that will be 
presented more fully in the section on metamorphic rocks. 


Inclusions.—In addition to the large inclusions exposed near Grimes 
Canyon, inclusions that are typically a few inches to two feet across occur 


widely in the pluton, Most of these are dark bodies with textures and composi- 


tions similar to the basic granulites exposed around the intrusion; others are 
more feldspathic, and a few, as marbles, are clearly sedimentogenous, Most 


tate Highway 1 SS 
My 
ea y hw 
Lo 
Fig. 3. 


Fig. 4. Basic granulite with veins of charnockitic tonalite and diorite, On beach, 
500 ft north of Grimes Canyon. Pencil is 3 in. long. 


are rounded but some are angular. Some groups show a persistent flattening 

parallel to the planar fabric of the tonalite; others are equidimensional, 
Late-formed dikes and segregations.—The structural relations and features 

described thus far are much like those of many normal granitic intrusives, but 


certain late-formed features are quite different, and they are especially im- 


portant in interpreting the origin of the charnockitic characters of the rocks. 


These features may be divided into three classes: (1) metamorphosed basic 
dikes, (2) veins and dikes of light-colored granitic rocks, and (3) irregular 
bodies and dikes of pegmatiti rocks. The only age relation that could be 
established clearly is that the structures of class 2 are in part younger than the 
other features. 

The basic dikes will be described first because they are the simplest of 
the features. They are tabular bodies, typically 6 to 12 inches thick, with 
knife-sharp parallel walls. They cut both the pluton and country rocks at vari- 
ous angles, and although they are sheared here and there (as are all the rocks 
of the area), none appear to have been deformed during the stage of magmati« 
consolidation. They do not have fine-grained borders, but they are much finer 
srained than the charnockitic tonalites, In spite of their simple igneous ap- 
pearance, however, they have no vestige of igneous textures, being as grano- 
blastic as the granulites and commonly containing large poikiloblastic garnets. 
Furthermore, they are cut here and there by discontinuous veins of charnock- 
itic rocks exactly like the metasomatic veins in the granulites. These dikes 


were certainly intruded after the pluton solidified sufficiently to fracture and 


er R nptfor 
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they prove that the charnockitic nature of the tonalite was acquired at either 
a late- or post-magmatic stage. 

The second class of late-formed features includes a variety of veins and 
dikes of light-colored rocks and altered rocks that cut through the pluton at 
various angles and are much more concentrated in some places than others, A 
number of these bodies may be seen in the sea cliffs 14 mile south of Grimes 
Canyon, They commonly lie approximately parallel to the low northeast dip of 
the roof in this area, so that they give the cliff a banded appearance; however, 
on closer inspection they can be seen to branch and cross at low angles, and a 
few cut at random across the principal trend, Some form broad ovoid white 
bodies in the darker tonalite. At close range some of these structures are seen 
to be dikes, with walls that are at least locally sharp, here and there showing 
moved inclusions, or evidence of dilation. For the most part, however, such 
criteria are lacking, and in several places the planar fabric of the surrounding 
tonalite is seen to pass undisturbed through the dikes, with relic patches of 
dark tonalite preserved here and there (fig. 5). Many of the dikes have vague, 


Fig. 5. Relic gneissose structure passing obliquely through light-colored dikes, Thin 
white dike on left parallels this structure. Scale (6 in, long) lies on charnockitic tonalite. 


vradational borders; some are so thin and discontinuous that they can only be 
called alteration veins. The fresher rocks are seen to consist mainly of quartz 
ind feldspar; they also contain recognizable garnet, biotite, hypersthene, or 
hornblende in moderate to very small amounts. The mafic minerals are com- 
monly arranged in bands parallel to the walls of the dikes, with the less mafic 
rocks tending to form the central bands. Many of the dikes are greatly altered 
to white aggregates of low-grade minerals. On the basis of their structural 


wir 


kK. ¢ ompton 


preted as partly intrusive, partly meta 
vunger than the tonalite and they indi 
red at a late stage, and (2) that silicic 

systems during this stage. 
tructures includes a variety of irregular 
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ire coarse-grained veins of hypersthens 
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isolated 
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fashion witl 
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ire finer grained, they interdigitate with the surrounding tonalite, and vague 


patches of garnetiferous tonalite (containing no hypersthene) may occur near- 


by. The garnet content of the pegmatites ranges from about 10 to 30 percent 

by volume, suggesting that these bodies represent mafic tonalite and wall rocks 

that were reconstituted by fluids at a late stage in the charnockitic processes. 

Other pegmatitic rocks typically occur as sharp-walled dikes that are all very 

feldspathic and, or silicic and contain moderate amounts of garnet, hornblende, 


Compositions and properties of minerals from Santa Lucia Range 


(,arnet trom Garnet from 


Hypersthene granulite veins 


36.25 46.64 
0.52 0.30 
23.44 22.84 
1.13 0.29 
25.19 27.78 
0.85 1.12 
3.9 4.34 
6.43 

n.d. 

n.d. 

n.d, 


100.15 99 80 99.74 


itoms and formula g of metal atoms on basis of 24 (O0,OH) 


5.66 5.80 | 
6.90 6.90 
0.20 
4.03 
4.11 
0.04 
0.04 


3.67 


5.94 


1.03 
1.09 


1.73 1.6606 


0135 
0-4 


1.794 


56-3.65 3.150-3.153 3.93-4.00 +.00-4.01 
From analyzed rock no. 3, table 1. 

Summit of Cone Peak, 5 ft southeast of flag pol 
From rock no, 6, table 1 


~ 


1 ror ks iS nos, 5 and 7 


immit of Cone Peak, same locality as 1 


SiO, 47.10 54.88 
0.20 24 
ALO 16.13 
Fe,0 
FeO? 03 
MnO ().64 0.15 
1.76 9.23 
CaO 43 1.82 
Naw) tr 2.14 
K30 0.00 5.58 
H.O n.d 3.15 
8.90 
A 0.98 | 962 
A 0 
.03 ».37 1.04 
3.79 V8.14 2.62 330 
{ 
M 0.09 176 
5.87 
Ca 030 115 
Na 
1.1] \ 
OH 24 3.24 
| table 2. 
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r biotite. These minerals are not typical of charnockitic assemblages, and the 
dikes are interpreted as the last magmatic residues of the processes that formed 


the charnockitic rocks 


OI 


PETROGRAPHY OF THE PLUTON 


Charnockitic tonalite The pluton consists mainly of tonalite (or meta 
that is medium to dark gray 
ereenish gray. The grains of the rock are typically 3-6 mm across and are ar 


tonalite ) where fresh but is generally altered to 


ranged in groups that are locally as lenticular as in a gneiss; however, as will 


be explained in a later section, this structure cannot he confidently called either 
The approximate average mode of the rock, in percent by 


potash feldspar, 0.5: hypersthene, 9: 


OT onessoid 
andesine. 62: 


volume, is: quartz, 18 
ind opaques. 0.5. The principal variations are in the 
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are typically 2 mm thick and 9 mm across and are made up of several grains 
which tend to be elongate parallel to the lens but do not show any obvious pre- 
ferred crystallographic orientation when tested with the gypsum plate. All of 
the quartz grains bear fluid inclusions and only a few contain opaque needles; 


none are blue in hand specimen. 

Plagioclase is unzoned, and its composition is persistently between Ang; 
and Any (many grains are slightly strained, so that universal stage determina- 
tions are no more exact than this), About 95 percent of the hundreds of grains 
examined are twinned according to the albite law, and most of these are also 
twinned on {001} as a composition plane, Because of their exact parallelism 
to this plane, it seems more likely that these are Acline rather than Pericline 
twins; however, this is not certain. The lamellae of these twins are in many 
ases broader than those of the Albite twins, Carlsbad twins, so common in 
normal granitic rocks, are missing, Although this corresponds to data on 
twinning reported by Howie on charnockitic rocks from India (1955, p, 744), 
the abundant Albite-Ala twins of the Indian rocks were not found in the Santa 
Lucia tonalites. 

Potash feldspar occurs only as inclusions in antiperthitic andesine, and 
these inclusions are of two types, probably representing two generations of ex- 
solution. The type that ocurs in most grains consists of minute spindles and 
elongate tablets that generally lie on {100} and are elongated at angles close 
to 30° or 60° to {001}. The less common type occurs in perhaps 10 percent of 
the andesine grains of any one thin section, It consists of larger individuals 
that are bounded in most cases by smooth (010) faces of plagioclase, and are 
terminated less smoothly against (O01) and (110)(?) faces, All of the indi- 
viduals in one host have the same orientation, so that they form what is essen- 
tially a graphic intergrowth, Cleavages are not visible in these small grains, 
but values of 2V measured on a large number of samples are mainly between 
12° and 52°, with one of 36° and several around 60°, The grains with small 
values of 2V extinguish evenly, but the others have a hazy, twinned appear- 
ance. Judged from the 2V curves given by Tuttle (1952, p. 557), the grains 
are Na-poor orthoclase, whereas the twinning and larger values of 2V may in- 
dicate a transition to microcline, None of the grains is perthitic. 

Hypersthene is distinctly pleo hroic, and its other optical properhes are 
consistently the same or very similar to those of a sample of analyzed hypers- 
thene (table 2, no. 1) which will be discussed in the section that follows. In- 
dividual grains of clinopyroxene have not been seen in the tonalite, but 
exsolution lamellae occur in all the hypersthene grains, Hornblende of the 
tonalite is rather deeply pleochroic and is greenish brown in Z; it is judged 

be a very aluminous hornblende by comparison with a partially analyzed 
hornblende from one of the migmatitic veins. as will be noted below. Most of 
the biotite is finer grained than the other mafic minerals, but here and there 
it forms ragged anhedra as much as 15 mm across. No biotite from the tonalite 
was analyzed, but its deep brownish-red color in Z and Y and its indices of 
refraction (4 1.665 to 1.668) indicate that it is similar to the biotites of all 
the charnockitic rocks, including an analyzed sample from migmatites of Cone 
Peak (table 2, no. 2). Garnet occurs in the tonalite only in areas where gar- 
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the orthopyroxene, some 7 to 10 percent ‘of the material analyzed consisted 
of clinopyroxene lamellae, Possibly the separation concentrated fragments rich 
in lamellae, though this is not likely. R, A. Howie, who has determined the cell 
dimensions of this material, notes that they fall exactly on curves as required 
by the Fe Mg ratio for granulite-facies pyroxenes (personal communication, 
1958 

( linopy roxene is too scarce to be separéied and studied thoroughly from 
any single vein. Most values of 2V measured with the universal stage are near 
59°, but others range down to 53°; ZAc is 45° to 48° in various samples. 
Many grains have {100} parting and thin lamellae, and they also have much 
broader and less common {001} lamellae that are almost certainly hypersthene. 

\ sample of pure hornblende was separated from the same rock (table 1, 

o. 3) as was the hypersthene described above, and, although the total analysis 


cannot be reported because of problems with the alkali determinations, Al,O 


is safely close to 13.3 percent and SiO, close to 39.9 percent, while the ratio 
Fe, Me is close to 1.2. The mineral is therefore a very aluminous hornblende 
(hastingsite) similar to other analyzed hornblendes from charnockitic and 
vranulite-facies rocks, and it is interesting to note that it contains 0.33 percent 
chlorine and 0.28 percent fluorine, Specific gravity of this material ranges 
from 3.40 to 3.44: a 1.685 + 0,002. 5 1.702-1.704, 2\ 65-70°, and 
ZAM 12-17°. In other samples collected nearby, y 
1.710. In all of these hornblendes, X is pale yellow brown, Y is deep red 


ranges from 1.690 to 
brown, and Z is deep green brown. 

The relative abundance of various accessories in the veins is grossly the 
same as in the tonalite. 

Light-colored rocks.—The late-formed, light-colored dikes and veins that 
cut the tonalite consist of a variety of siliceous, plagioclase-rich rocks, None of 
these rocks is fresh enough to give a useful chemical analysis, though the 
original minerals can be recognized in perhaps half of the sections examined. 
The average mode of the most widespread rock is estimated to be: quartz, 35; 
andesine, 55; potash feldspar, 1; hypersthene, 5; biotite, 3; hornblende, 1; 
and opaques, 0.3, Andesine (locally antiperthitic) tends to be somewhat more 
sodic than in the main tonalite, and individual grains of potash feldspar occur 
here and there. Hypersthene is altered everywhere to serpentinous aggregates. 
lhe other minerals appear the same as those described above. 

The most light-colored rocks, which commonly occur in the inner parts of 
handed or gradational dikes and veins, contain up to 45 percent of quartz, as 
much as 25 percent of potash feldspar, and only a few percent of mafic grains. 
Most of the potash feldspar has intermediate values of 2V and shows hazy 
twinning, as in the other rocks: here and there it contains a few perthitic 
strings of plagioclase, Distinctly twinned microcline is also present, Plagioclase 
is typically too altered to be determined accurately, but some is calcic oligo- 
clase. The only mafic mineral in some of the bands is garnet: other bands con- 
tain biotite, hornblende, and what may be altered hypersthene. 

Reaction-relations hetu een minerals. Grains of quartz, plagioclase, hy- 
persthe ne, and hornblende are of about the same size in eat h of the rocks. and 


they all show equally curvilinear boundaries to one another, Here and there, 
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one is struck by the apparent inclusion of one grain in another, but a careful 
survey of many thin sections shows that host and inclusion may be of any 
species, Slicing curvilinear grain boundaries at random is certain to give rise 
to such relations, and this is the interpretation given here. There appears to 
be a tendency for the larger grains of biotite to include hypersthene, but even 
this is far from certain, Searce vermicular intergrowths of biotite and plagio- 
clase adjacent to hypersthene are the only suggestion of reaction coronas of 
finer-grained minerals on larger grains, Taken together, these relations indi- 
cate that the principal minerals were crystallizing simultaneously during the 
period when the rocks acquired their charnockitic characters. Sympathetic 


variance in amounts of mafic minerals suggests that the following reaction- 


relation existed th 
bi tite hornble: cit qt rizZ <2 hypersthene plagioclase r water 7 K 


Evidence from metamo | veins that will be described in sections that 
indicates that tl ‘action typically went to the right; however, it is 
that the original igneous rock of the pluton was at least as pyroxeni 
present tonal 
The meaning of tl neiss-like structure relative to the origin of the 
wks is not well understood, The flat quartz 
t| t the roe ks were deformed when they were 
ly or entirely solid wever, the following relations must be accounted 
(1) the other n ! rains show little evidence of strong deformation, 
eneiss-like structur es parallel to the walls of variously oriented 
kes. (3) the structure may lie at any angle to country-rock fabrics, (4) most 
the charnockitic ve \ near the dikes are structureless, and (5) the 
oneiss-like structure far stronger at some outcrops than others. The follow- 
ing can only be suggestions he structure is mainly late-magmatic, per 
haps largely protocl tv produced by local intrusive stresses, and 
3) subsequent re tallization has healed all but its grossest aspects, A more 
adequate analysis of the structure is hampered by « itaclasis of Late Cretaceous 
and Tertiary ave 
Garnet was not ! coronas but is interpreted as a late-formed 
product because of its abundance in and near pegmatitic bodies and because it 
occurs with pools of quartz in rocks that contain little if any hypersthene. The 
equidimensional natu f tt artz-garnet aggregates indicates that stresses 
at this stage were | 
The exsolution of calcic clinoproxene from hypersthene (or pigeonite) , of 
hypersthene Irom augite( ‘ ind of orthoclase from potassir andesine pre- 
sumably took place during slow cooling of the rocks. The two generations of 
antiperthite inclusions suggest, however, that this cooling may not have been 
simple. Blue-gree1 rrnblende formed from hypersthene at some time during 
this period, and it also overgrew brown hornblende. At some time following 
these reactions, very thin veins of a pale greenish-brown serpentinous mineral 
formed in quartz and feldspars; local concentrations of these veins around 
hypersthene suggest they may be alteration produc ts of this mineral. It ap- 


pears to be these veins which give the rocks their dark color, and they are 
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possibly similar to colored veins described from various African charnockitic 
rocks by Howie (1958, p. 6, 9, and 10). Widespread late alterations include 
abundant replacement of hypersthene by actinolite, chlorites, and serpentine 
minerals, as well as reaction of plagioclase to albite, sericite, calcite, epidote, 
and other low-grade minerals, Garnet and hornblende were only locally 


chloritized during this stage. 


METAMORPHIC ROCKS RELATED TO THE PLUTON 


Che charnockitic pluton does not have a distinct contact aureole, nor are 
the Sur series rocks anywhere hornfelsed by it; however, by far the least hy- 


drous of the granulites occur in it and locally around it, and veins that formed 


at the same time as the pluton are not only concentrated around it but are 
typically less hydrous than the metamorphic rocks in which they occur. The 
new minerals in these various associations are commonly of granulite facies, 
ind their distribution shows that they were formed by what was essentially 
an unevenly distributed contact metamorphism. 

Dehydrated granulites—Granulites with abundant anhydrous minerals 
provide the clearest evidence of contact metamorphism, for they occur only as 
inclusions in the pluton or else occur at or close to its contact. The basic granu- 
lites in the large inclusions near Grimes Canyon, for example, consist only of 
andesine, hypersthene, hastingsitic hornblende, minor clinopyroxene, and ti- 
tanian ores; whereas the same body of rock north of Grimes Canyon is a 
granoblastic amphibolite with only scarce hypersthene, and similar rocks else- 
where on the coastal ridge are amphibolites with sphene and no hypersthene. 
Phe only exceptions to this general rule occur where amphibolites contain veins 
of granulite-facies minerals, as will be described in a later section. Hypersthene 
in the basic granulites at Grimes Canyon tends to be scattered in clots through 
the more hornblendic rock, but there is no textural evidence that hornblende 
has transformed to pyroxene, The minerals in these granulites appear to be the 
same as those in the adjoining tonalite and charnockitic veins, except that the 
coarser type of antiperthite is very scarce in the granulites, The calculated 
average chemical analysis of this basic rock (table 1, no, 4) is only moderately 
reliable because the exact composition of the hornblende is not known; its 
average mode is: andesine, 53; hypersthene, 12; hornblende, 30; biotite, 3; 
and titanian opaques, 1.5. 

There are also a variety of metasedimentary rocks that have undergone 
strong dehydration at or near the contact, the commonest examples being 
various quartzofeldspathic rocks. Away from the contact, and through the 
Santa Lucia region in general, these rocks typically carry biotite rather than 
potash feldspar, but along the walls of the pluton 44 mile southeast of Grimes 
Canyon, and also at the south end of the pluton, near Anderson Canyon, there 
are granulites that consist only of quartz, orthoclase, plagioclase, garnet, ore, 
and rather large grains of rutile, In the sea cliff south of Torre Canyon, and 
also in the large inclusion southeast of Grimes Canyon, are hypersthene-biotite- 
andesine-quartz granulites in which hypersthene and biotite occur in variable 
and antipathetic amounts. These rocks are judged to be somewhat limy meta- 


626 bert R Compton 


pelites, ind nowhere ¢€ ! h ion do rocks ol this composition carry 
hypersthene 
Wollastonite has been reported from marbles that lie near the southern 


contact of the pluton (Reiche, 37. p. 131), and this mineral is abundant in 
cale-silicate rocks that occur 1 mile from the contact, in the upper part ol 
Grimes Canyon; however, the possibility of other occurrences in the region has 
not been studied adequately, A far more widespread and abundant mineral of 
the calc-silicate granulites and impure marbles is the lime-rich s« apolite, meion 
ite; though this mineral suggests contact metamorphism, it occurs too exten- 
sively in the region to relate its origin only to the charnockitic pluton, 


It is an important fact that the more anhydrous granulites do not occu 


everywhere around the pluton. Amphibolites with little or no hypersthene and 


biotitic schists and o hypersthene or potash feldspar can be 
collected in both » lar inclusion southeast of Grimes Canyon and the walls 
of the intrusion : fre relation, the intensity or the processes of 

ct metamorphism were d ited unevenly; this point is fortified greatly, 
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effects in the layered host rocks; however, more convincing evidence of their 
metamorphic origin is found in the fact that their compositions correlate with 
the rock types in which they occur. Pyroxenic tonalite veins, for example, oc- 
cur in myriads in hornblende-rich granulites like those exposed near Grimes 
Canyon, but they are completely absent in quartzofeldspathic rocks interbedded 
with the granulites, nor do they occur in biotite-rich basic granulites, where 
the veins always carry abundant garnet. 

In a general way, the various veins contain more hydrous minerals at 
greater distances from the pluton, Veins in amphibolites tend to be more and 
more hornblendic, and may contain abundant clinopyroxene but not hypers- 
thene. Sphene occurs in veins of this type, but not epidote, Quartzofeldspathic 
veins contain more and more biotite, and veins in marbles and calc-silicate 
rocks contain increasingly abundant amphibole and phlogopite. These relations 
are qualitative at best because late reactions have also produced hydrous min- 
erals in veins that lie near the pluton, and, as is the case with the granulites, 
some of the veins near the pluton appear always to have been as hydrous as 
those that occur a mile or more away. 

Where a sequence can be worked out, the more biotitic or hornblendic 
veins prove to be younger than the more anhydrous veins, Many of these later 
veins are granitic rocks, commonly granite pegmatites and, judged from their 
structural relations to other rocks, many of them are intrusive, Where they cut 
the earlier veins they commonly caused biotitization of garnet, hornblende, 
and pyroxene; some of the phlogopite of the magnesian marbles was apparently 
formed in this way. Still later diaphthoritic reactions to actinolite, chlorite, 
sericite, and clinozoisite were very widespread. 

These rather complex relations cannot be studied easily at every outcrop 
because of the late alterations and still later shearing and faulting; however, 
the association of veins that forms the upper part of Cone Peak is compara- 
tively undeformed and very well exposed, and it will be described in some 
detail in order to help clarify the nature of the earlier veins as well as their 
contrast with the later granitic veins and dikes. 


VEINED ROCKS OF CONE PEAK 


Cone Peak (elev. 5155 ft) is the highest point on the coastal ridge, Very 
steep slopes on its seaward side expose the gently dipping Sur series through 
a vertical range of 4000 feet. The structural and petrologic relations are both 
simple and important: granulite-facies veins impregnate a thick layer of basic 
granulite that crops out at the summit, and this is separated from the nearest 
probable charnockitic pluton by at least a vertical mile of layered rocks that 
are almost entirely of amphibolite facies, Both the metamorphic and the intru- 
sive veins in the main pile of rocks typically contain abundant biotite, horn- 
blende, garnet or clinopyroxene, but no hypersthene, whereas those of the 
summit area are characteristically anhydrous, consisting of quartz, antiperth- 
itic andesine, hypersthene, garnet, clinopyroxene, and titanian ores. 

The host rock at the summit is dark gray and is mainly hornblende- 


biotite-plagioclase granulite, commonly with grains of clinopyroxene, garnet, 
and hypersthene scattered near the veins, At its base it is interlayered with 
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Veined granulite at summit of Cone Peak. Most of the large dark spots are 
, but many of the more irregular ones are hypersthene. Scale is 6 in, long. 


quartzites and various limy rocks, and these relations, coupled with its com- 
position, indicate that it was originally sedimentary, Where freshly broken, the 
ma hv > re not dark colored like the tonalite of the pluton, and 
veathered surfaces, Countless thousands 

be examined at and near the summit 

irp contacts or grade to granulite through 

broadly gradational (fig. 6). In sonie places, 

e veins are peppered through the rock at ran 

centrated around or near each metacryst. 

thick. and almost all are irregular rather 

re seen. nor were any veins of this 

tes and cale-granulites with which the 

various relations indicate strongly that! 

ire 1 mor] ther than igneous. 
raphy of the granulites, he host rock ranges from a hornblend 


wlase cranulite. | liv with garnet or clinopyroxene, to a biotite plagio 
lase granulite 


otite-rich rocks with moderate amounts of hornblende are 


most abundant. With the exception of garnet porphyroblasts, the grain-size of 


ie rocks is close to 1 mm. and, although thev are not schistose. biotite typical 


shows a preferred crystallographic orientation, Plagioclase is unzoned and 


ranges from intermediate andesine in the more biotitic rocks to calcic andesine 
in the most hornblendic; it rarely carries inclusions of potash feldspar, Horn- 
blende is red brown to green brown in Z: biotite is deep brownish red, \ pure 
sample of biotite was separated from the granulite, and its analysis (table 2. 


no. 2) shows it to be siderophyllic, but with an abnormally low amount of 
potassium, as in biotite from a Uganda charnockite, analyzed by Groves (1935, 


F é 
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p. 159). Although the amount of OH in the Santa Lucia biotite appears some- 
what low, it is likely that F and Cl fill the remaining OH positions. A red- 
brown hornblende was also separated and analyzed and, although problems 
with the alkali determinations do not permit the total analysis to be reported, 
it is a hastingsitic hornblende (SiO. =40.78; Al.O,=11.77) similar in com- 
position to the hornblendes of the Grimes Canyon rocks. Analyzed garnet from 
the same rock has the composition Al;;Py2:GrooSp. (table 2, no. 3), Clino- 
pyroxene and hypersthene are minor constituents of granulites collected near 
anhydrous veins and, because they have the same optical properties as the 
pyroxenes in the veins, they will be described below, The opaque grains of the 
eranulites are mainly titanian magnetite and (or) ilmenite, Sphene is absent, 
whereas apatite is a common accessory. 

The more biotite-rich granulites are more commonly and abundantly mig- 
matized. An average mode for this type of granulite was computed from counts 
of 15,000 points, made on 15 samples collected at random at the summit; it is: 
quartz, 0.5: andesine. 57.6: hypersthene, 0.5: clinopyroxene, 3.5; hornblende, 
11.6; biotite, 24.3; opaques, 1.5; and apatite, 0.5, A chemical composition 
computed from this mode is given in table 1 (no, 5). The most basic rocks 


consist only of hornblende (65-80 percent) and plagioclase, except that garnet 


and clinopyroxene are present where the granulites are partially migmatized. 


The analyzed garnet and hornblende noted above were separated from such a 
rock, and its mode is: andesine, 27; hornblende, 43; garnet, 22.5; opaques, 
6.2. and apatite, 1, Computations from several other modes indicate that the 
composition of this rock (table 1, no. 6) is typical of the more basic granulites 
of Cone Peak. Finally, to gain further control on the compositions of the 


rranulites, a sample that probably represents an approximate median of the 


biotitie and hornblendic granulites was analyzed (table 1. no. 7), and the mode 


of this rock is: quartz, 0.5; andesine, 57.5: clinopyroxene, 2; hornblende, 19; 


biotite, 19; opaques, 1.5; and apatite, 0.5. 
Petrography of the veins.—The tonalite veins are much coarser grained 
the granulites but they are equally allotriomorphic. The only indications 
of a planar structure are a slight elongation of quartz and pyroxene grains 
however, these grains are typically so irregular as to ap- 


parallel to the vein: 
like groups of disconnected grains in thin section, and it is therefore 


pea 
during their growth, Many 


doubtful that appreciable deformation took place 
of these ramifying grains are 1% to 1 inch across, and garnets are commonly 
this size. Many of the vein contacts appear remarkably sharp under the micro- 
scope, though the allotriomorphic texture extends across these contacts without 
any indication of a physical wall (fig. 9). Quartz, antiperthitic andesine, and 
hypersthene are essentially the same as the minerals that occur in the pluton. 
Clinopyroxene is pale greenish gray, and its optical properties vary somewhat 
from sample to sample, as indicated by these optical data: a 1.695-1.709, 

1.722-1.738, sp. gr. 3.395-3.41 (determined in Clerici solution, with 


centrifuge), 2\ 57-62°, and ZAc 13-45°. The mineral is thus a salite or 
calcic augite with Fe Mg close to 1.0; broad lamellae of hypersthene on {001} 
indicate that its original composition was almost certainly that of augite or 
ferroaugite. A pure sample of garnet was separated from one of the veins, and 
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g. 9. Anhydrous veins in biotitic granulite, with sharp contact on left side of 


photo and gradational one ower right corner, Summit of Cone Peak, Plane light. 


its analysis (table 2, no, 4) gives the composition AlgsPy,sGrisSp2. As in the 
garnetiferous rocks of the charnockitic pluton, this garnet is characteristically 
associated with many ovoid grains of quartz but it nowhere shows an obvious 
reaction to pyroxene. The antipathetic relation between the amount of garnet 
and the amount of pyroxene, however, suggests strongly that pyroxene and 
other mafics have reacted to garnet, The ratio Fe, Mg is considerably higher 
for the garnets than for the other mafic minerals, as has been noted by Howie 
and Subramaniam (1957, p. 581) w th regard to charnockitic rocks from India 
and other areas. Ilmenite by far the most abundant accessory in the veins, 


ind polished grains exami! it very high magnifications were found to be 


homogeneous. Other, more strongly ferromagnetic grains are probably titanian 
magnetite. Apatite is a common accessory, and zircon and rather large grains 
of rutile occur here 

Composition ol he y relal » to the grenulites. Because of their 
coarse grain, irregular natur nd gradational borders, it was impossible to 
obtain ‘liable sample of the veins for chemical analysis. Instead, 30 thin 
sections were cut across various samples collected from the summit of Cone 
Peak (this material is by far the freshest in the area), The sum of the grain 
counts made on these sections was used to compute both the average mode and 
the approximate average | hemical composition of the veins (table 1, no. 8). A 
few percent of biotite and hornblende had to be included in counts made near 
gradational borders, but i cases the veins were distinct enough to be 


counted separately. The ay e mode, based on 18.000 points, is: quartz, 


6 
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13.4; andesine, 56.6; hypersthene, 11.0; clinopyroxene, 2.9; garnet, 11.8; 
hornblende, 0.1; biotite, 2.2; opaques, 1.6; and apatite, 0.4. The computed 
chemical composition is based as much as possible on the analyses reported in 
this paper. Plagioclase was assumed to have a composition of Angs, with 0.8 
percent K.O0. The composition of the clinopyroxene was estimated on the basis 
of physical properties reported above and by comparisons with data on ana- 
lyzed pyroxenes given by Howie (1955, p. 756-757). The bulk composition of 
the opaques was assumed to be 70 percent ilmenite and 30 percent magnetite 
but this may be considerably in error. In spite of the obvious possibilities for 
inaccuracies in this method, likely errors can be shown to be very small com- 
pared to the major differences between the compositions of the granulites and 
the veins, as shown in table 1, There can be little question but that silica was 
added or concentrated in the veins, that large amounts of potash and water 
were removed, and that ferric iron was diminished relative to ferrous iron. 
Changes in the other constituents cannot be considered significant for any par- 
ticular oxide; however, the apparent proportional decreases in all these con- 
stituents suggests strongly that they were essentially diluted as silica was 
added, This requires that the volume of each vein increased during its forma- 
tion 
Other dikes and veins at Cone Peak.—The veined granulites are cut here 
and there by other types of granitic and pegmatitic dikes and veins, and also 
by a few small bodies of mafic quartz-bearing diorite that are as much as 300 
feet across. That most of these rocks are intrusive is indicated by their relative- 
ly sharp contacts, by local dilation of the earlier veins, by the simple tabular 
shape of many of the pegmatites. and by the fact that the small diorite bodies 
cut across both veined granulites and quartzites, commonly carrying angular 
xenol ths ol these ro ks. These various bodies are widely distributed over the 
peak, as they are throughout the region of the coastal ridge, but they make up 
only 1 or 2 percent of its bulk. Their amount and their distribution are suit- 
able to their being late products of partial melting of the Sur series rocks, 
though some of the bodies may be too mafic to have formed in this way, 
t abundant rock contains 25 to 40 percent of quartz and only 3 to 
jivtite and (or) garnet. Plagioclase (andesine) is typically anti- 
nd in some dikes individual grains of potash feldspar make up 10 
of the rock. This feldspar has a considerable range of values of 
other rocks of the region; extinction angles indicate that some of 
some microcline, the latter always with a hazy twinned ap- 
pearance hiotite is the same deep brownish-red type that occurs in all the 
granitic rocks, Pyroxene and hornblende are absent. The most mafic rocks, the 
quartz-bearing diorites, contain approximately 25 percent of hornblende, 10 
percent biotite, and 1 to 2 percent each of clinopyroxene and opaques, Some of 
these rocks bear garnet but most do not. All of the samples sectioned so far 


have allotriomorphic textures and unzoned plagioclase; however, other rocks 


appear hypidiomorphic granular in the field. The pegmatites are mainly gar- 


netiferous, allotriomorphic rocks, but ordinary biotite-quartz-microcline-oligo- 


clase dikes of very coarse grain can be seen here and there, In a few cases, 
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the pegmatites are associated with mafic country rock that is crowded with 


large feldspar porphyroblasts, and around such bodies the granulites are typi- 
cally converted to coarse-grained aggregates of biotite and quartz, Other indi- 
cations of late potash metasomatism are found in garnetiferous dikes, where 
varnet is commonly altered to biotite, and in biotitized granulites adjacent to 
eranitic veins. Similar cases of biotitization are common in the coastal region. 

Various hydrous minerals that formed at a later stage are similar to those 
described from the rocks of the pluton, and these minerals are so widespread 
that truly fresh materials can be collected only locally. The original textures of 

rocks are so well pres rved, however, and mineral relics are so common, 


that there is little prob 1 interpreting the paragenesis of most samples, 


ORIGIN OF THE CHARNOCKITIC ROCKS 


On the basis of its structural relations to the varied and stratiform Sur 
series, the main charnockitic pluton is interpreted without reservation as an 
intrusive body, The cross-cutting nature of its marginal dikes and the way in 
which their planar fabrics ce t with both the orientation and kinds of 
fabrics in the adjoining granulite walls are especially critical evidence, The 
possibility that the abundan hypersthene of the tonalite owes its presence to 
contamination of the ojinal magma is ruled out by the fact that the surround- 
ing country rocks are far more calcareous than aluminous. Furthermore, the 
high vaincs of Na/K and of Fe’, Fe’”’ show that the magma was not contami- 
nated |.y subjacent, hypothetical metapelites. Indeed, these ratios are excep- 
tionally high for igneous rocks: an analysis of the Lakeview Mountain tonalite 
of the Southern California batholith (Larsen, 1948, p. 66, no. 7) is given for 
comparison because its composition 1s otherwise as close to that of the charn- 
ockitic tonalite as any that could be found (table 1, no, 2). 

Regardless of how this anomalous composition might be explained, the 
granulite-facies metamorphism of the basic dikes that cut the pluton proves 
that its charnockitic characte were acquired at least in part at a late stage. 
[here is no textural evidence as to the exact nature of the tonalite when the 
pluton first crystallized from its magma; however. the concentration of granu- 
lite-facies metamorphic rocks in and around the pluton indicates strongly that 
its conversion to a charnockitic body must have been closely related to its 
magmatic origin, perhaps in continuity with igneous crystallization, That the 
rocks recrystallized completely in the solid state is supported by the universally 
unhedral and unzoned nature of the mineral grains in both the pluton and its 


country rocks, by the scarcity of reac 


nearly identical mineral species in pluton, dikes, veins, and many wall rocks, 


tion textures, and by the occurrence of 


even though these rocks ve a considerable range of composition, The fact 
that the ratios of Fe M n hypersthenes, biotites, hornblendes, and clino- 
pyroxenes are similar (1.0 t ) in acidic, intermediate, and moderately basic 
rocks argues strongly against an igneous sequence of crystallization in either 
the pluton o1 the veins. Granulite-facies veins like those at Cone Peak. which 
ire almost certainly metamorphic, show that the ratios Na/K and Fe”’/Fe” 
were increased greatly during their formation. and this corresponds very well 
with the high values of the tios in the tonalite of the pluton. 
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Phe origin of the metamorphic rocks is difficult to formulate, mainly be- 
cause of the rather paradoxical fact that the least hydrous rocks occur largely 
is coarse-grained veins in rocks that are otherwise rich in hydrous minerals, 
and some are separated from the pluton that caused them to form by at least 
1 mile of what appear to be amphibolite-facies rocks, There are at least two 
plausible hypotheses to explain the metamorphism; the one that seems more 
consistent with the facts is that the veins were produc ed by hot fluids that rose 
through the upper. solidified parts of the intrusion and flowed out into the wall 
rocks. Where fracture systems formed, perhaps because of an upward-pressing 
of the core of the intrusion, the fluids were channeled away rapidly enough 
ind in sufficient amounts to cause local granulite-facies metamorphism of am- 

te-facies rocks, as in the rocks of Cone Peak. Presumably, these channel- 

iys would have to have been opened through a great enough vertical range 

» that fluid pressures in them would at least occasionally be appreciably less 
rocks. for otherwise the fluids could not dehydrate their 

rsistence of amphibolite-facies minerals in much of the surround- 

rock may have been caused in some places by insuflicient heating, and in 
the! places where temp ratures were high. by too slow a rate of est ape ol 
dehydration water. Where the moving fluids did dehydrate the rocks, they 


were cooled because of the endothermic nature of the reactions, as well as by 


uch physical effects as that of adiabatic expansion, and as they moved farther 


nto the surrounding rocks, their temperatures were suitable only for amphibo- 
te-facies metamorphism. 
In addition to the widespread veining of the country rocks, evidence for 
tivity of abundant fluids includes the following: 
Coarse grain of the veins as « ompared to the wall rocks. 
Lack of coronas or other textural exidence for reactions, indicating a 
‘e of mobility. 


veining and alteration of the pluton along through-going frac- 


Presence of pegmatitic schlieren and dikes in both pluton and country 

wks 
9. Abundance of late hydration reactions in both pluton and country 

rocks 
Several anomalies in the chemistry and mineralogy of the rocks can be ex- 
plained by this hypothesis, The unusually high ratios of Na/K and Fe” /Fe’” 
in both the pluton and veins are most easily explained by hot juvenile fluids 
that reduced ferric to ferrous iron and leached potassium from the rocks. The 
sporadic distribution of potash feldspar in antiperthites of both the pluton and 
veins might have been caused by uneven leaching by this fluid, and the nar- 
row and rathe cal i range of plagioclase compositions in the more acidic 
rocks suggests that soda, too, may have been transported from the pluton, The 
widespread granitic veins and pegmatite dikes of the surrounding region sug- 

gest a possible resting place for these alkalies. 

By the second hypothesis, little or no foreign fluids were involved in the 
metamorphism, Instead, all or most of the rocks now exposed on the coastal 


ridge were heated to granulite-facies temperatures during and after intrusion 


tures 
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however, diffusion of water from them was so slow that they 
remained largely hydrous, When the upper parts of the pluton and surrounding 
rocks were fractured, dehydration took place along the fractures and elsewhere 
where fluids could escape, and the anhydrous veins were formed, This mechan- 
ism gets around the necessil f opening individual fractures through some 
minimum vertical range, as required by the first hypothesis; however, there 
ire several relevant arguments against it. First. both the amounts and kinds of 


compositional changes affected during the formation of the veins seem to re- 


quire the action of a foreign fluid rather than minor amounts of water and 


halogens es aping trom the dehydrating rocks. Second. rocks spotted with 


granulite-facies minerals should be more nearly universal around the intrusion 
The five lines of evidence for the action of fluids, listed above, are also in 
some méusure evidence agall this hypothesis 

Possible effe of non-hydrostatic stress—Judged from other occurrences 
ol granulite-lacies rot . non-hydrostatic stresses might well have aided the 
dehydration « he nta Lucia ro Folded lineate schists and veins in the 


Sur ries are clear evidence deformation, and the charnockitic pluton is 


oneiss-like; however, » following relations indicate that conditions 


were structurally static. o irly so. during the period when the veins formed 


ind the rocks acquired their charnockitic characters: (1) thin, tabular 


charnockitized d Kes I OL! tiie pli I and country rocks are not deformed. 


») the fabri 10st ; d many dikes is granular, or granular with ir 
ular porphyroblasts, (3) many inclusions in the pluton are equidimensional, 
the gneiss-li truce n the pluton and its apophyses are most reason 


explained a ! neo tructure modified by recrvstallization. as dis- 


issed in a 


before the structural history of the 
known. lt is very possible, for ex 


vdration during the early phases of 


ch hypothesis is more nearly con 
reconstituted under conditions 

inulite facies, At Cone Peak, for 
umphibolites and completely anhy 
res were at nearly the same tempera 
riods. The textural relati these 
iblende were recrystallizing simul 

ls. and therefore they are in no 
These relations support the views 
yfe, Turner, and V« rhoogen 
may be stable under tempera 

r as fluid pressures are very high 
ns of these minerals changed during 


s may provide a clue as to the condi 


nat 
end 


e, for example, may well have be 
Z positions) and may have acquired 


m, Eskola (1952. p. 153-154) sug 


Sry te 
s unde | ed. H 
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gested that hornblendes of this type may be useful indicators of amphibolites 
that formed under temperatures and pressures of granulite facies. It is possible, 
however, that such hornblendes form also in the upper range of amphibolite 
facies, for Wiseman (1934, p. 395 ) reported brown hornblendes from near 
eranitic bodies in the sillimanite zone of the Dalradian of Scotland, and I have 
found them in plagioclase-hornblende hornfelses from the inner parts of several 
mtact aureoles 

lhe mineral assemblages in calcareous rocks may be helpful in interpret- 

these border-line conditions, though much remains to be done on their 
paragenesis in the Santa Lucia region, The occurrences of wollastonite are in- 
teresting because they would seem to require greater permeability to CO, than 
s typical of granulite-facies terrains (Turner, in Fyfe, Turner, and Verhoogen, 
1958, p. 234). It is plausible, however, that the fluids hypothesized above could 


have diluted and he Iped remove CO.. allowing the wollastonite reaction to take 


lolomite marble without periclase, and 


place locally. Occurrences of coarse « 
thundance of meionitic scapolite i ally to the exc lusion ol plagioclase ) 
pressures in most places, Whether or not the s apolite is 

wever, remains to be tested, Grossularite appears to have 

with wollastonite but it has not been found elsewhere on the 

ridge. Epidote, which Turner reports as common in certain granulite- 

facies rocks from New Zealand (Turner, 1948, p. 87-88; in Fyfe, Turner, and 


Verhoogen, 1958, p. 235), is apparently absent from the coastal ridge area. 


CONCLUSIONS REGARDING CHARNOCKITIC ROCKS 


want to imply that the rocks described here have anything in 
partie ular to do with the origin of other charnockitie ro ks: however, the clr- 
cumscribed nature of the pluton and veins does allow a few reasonably valid 
re rarding the possibilities ol processes that have formed other as- 

Ons These are: 

|. The processes may be closely associated with magmatic bodies, yet be 
metamorphic; used in a broad sense, the term autometamorphic best sum- 
marizes the Santa Lucia oc urrence, 

2. Simultaneous metamorphism of the surrounding rocks may certainly 
involved, and in the case described here this was essentially a contact meta- 
norphism 

» Fluids may figure prominently in the genesis of these anhydrous 
wks 

1. Mixtures of anhydrous rocks and either hornblendic or biotitic rocks 
need not imply great variability in temperature and rock pressure within a 
riven rock body, but rather only that dehydration took place more rapidly in 

tain parts of it. 
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THE BOUNDARY BETWEEN THE LOWER 
AND UPPER CARBONIFEROUS IN JAPAN 
MASAO MINATO 


Hokkaido University, Sapporo, Japan 


ABST RAC \ review of the stratigraphy and faunas of the Carboniferous rocks of 
Japan indicates that two systems, Mississippian and Pennsylvanian, are justified, and that 


the | 


boundary lies between the Onimaru Series and the Nagaiwa Series. The uppermost 
Mississippian is the zone of Neokoninckophyllum and the base of the Pennsylvanian in- 
udes the Sabukura Stage which immediately underlies the zone of Profusulinella. In 
most areas in Japan the Pennsylvanian section does not extend above the zone of Fusulina 
ind is overlain unconformably by early Permian formations carrying the Pseudoschwagerina 
fauna, but in the Fukuji distriet the Pennsylvanian System runs up through about 50 
meters of the zone of Triticite 
Ihe Mississippian System in Japan consists largely of dark slates with large amounts 
of tuffaceous material. The Pennsylvanian, on the contrary, is largely calcareous. 


STRATIGRAPHY AT TYPE AREAS 

Fossiliferous Carboniferous deposits have been detected in all the Jap- 
inese Islands except Hokkaido (the northernmost main island), but the areas 
of outcrop are generally small and most of them still await detailed investiga- 
tions, 

Before discussing the boundary between the Lower and | pper Carbonif- 
erous in Japan, it is proposed first to describe briefly the major divisions, the 
lithologic nature, and the fossil contents of those deposits in their type areas, 
heginning with the Kitakami Mountains. northeastern Honshu. 


Kitakami District 

The Carboniferous in the Kitakami district is divisible on a lithologic 
basis into two major parts. The lower half consists mainly of pyroclastic sedi- 
ments and slates, while the upper half is chiefly limestone; each of these 
divisions has in turn been divided into series or stages, as presented below 
Ith ascending order. 
Hikoroichi Series.—This series unconformably overlies the Tobigamori Series, 
presumedly Upper Devonian in age, and also overlaps still older formations. 
It is more than 750 meters in thickness and consists chiefly of gray or black 
slates, alternations of green tuffs and slates. and less numerous limestones. 
The lowest member is a conglomerate about 10 meters in thickness. The suc- 
cession of these rocks is schematically given in figure 1, This series is divisible 
on a faunal basis into two stages: the lower is named the Ikawa stage after 
the type locality, while the upper is called Ohmata. 
lkawa Stage.—Three important fossil-bearing beds commonly termed as 
A,. A,. and A., are found in the middle portion of this stage. The beds consist 
mostly of impure limestone or calcareous slate intercalated by reddish tuffs. 
Fossils from A, follow: Actinocrinus higuchisawaensis Minato, A. ohmoriensis 
Minato, Amphoracrinus sp., Leptaena analoga (Phillips), L. convexa Weller, 


Schellwienella izirii Minato, Schellwienella sp., Productella cf. caperata 
(Sowerby). Aitakamithyris tyoanjiensis (Minato), K. hikoroichiensis (Min- 
ato). AK. semicircularis Minato. Brachythyris kitakamiensis Minato. Brachy- 
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ata (Phillips), Delthyris aff. clarksvillensis 
pirifer cf. loganii Hall, Spiriferina paratrans- 
' ( Sowerby, Spirifer ultratransversa Minato, S. 

LIMOTLENSLS inato, kozuboensis Minato, Cliothyridina royssii (L’Evillé). 


Planoproduct gantoides Minato {mygdalophyllum sp. Lithostrotionella 
Conularia tyoanjiensis Sugiyama. Litophaga Palaeophyllipsia japoni 


riyvama and Okan hillipsia ohmoriensis Okubo. 


= 


t the 


é Lower Carboniterous deposits n th 


major lithologic divisions; arabic numerals 


tters with numeral subscripts are im 
B. Sandstone fa ; C. Shale facies; 


rnation; F, Impure limestone: G. 


Fossil-bearing above : between these two there is a forma- 
tion about 200 m«e t] ness is found in a horizon higher by about 
70 meters than A I > tw I ire also very fossiliferous, but their fossils 


have been little i: 
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and Upper Carboniferous in Japan 


Ohmata Stage—An important fossil-bearing bed B, lies some 300 meters 
above A. From B, the following species have been found: Derbya depressa 
Demanet var. transversa Minato, Leptaena analoga (Phillips), Spirifer ultra- 
transversa Minato, S. ohmoriensis Minato, Syringothyris sp., Schizophoria sp., 
Kitakamithyris sp. 

frisu Series.—This series lies conformably on the Hikoroichi Series. It is 
about 700 meters in thickness, consists of tuffs and slates, and is divisible into 
two stages: the lower part, the Hinozuchi Stage, and the upper, the Jumonji 
Stage. The succession and boundary between these two stages are also diagram- 
matically given in figure 1, The former view (Minato and others, 1953) in re- 
spect to the boundary line between the Hinozuchi and Jumonji stages is now 
slightly modified. 

Hinozuchi Stage—\t is about 300 meters in thickness. The very important 
fossil beds B, and C, are found in the middle portion of this stage. Fossils from 
B, are: Actinoconchus lamellosa (L’Evillé), Schumardella cf. missouriensts 
(Schumard), Brachythyris sp., Productus sp. a, Syringothyris sp., Actinocrinus 
higuchisawaensis Minato, Planoproductus? gigantoides Minato, besides Fenen- 
stellids. From C,: Camarotoechia sp., Brachythyris aff. pinguis (Sowerby), 
Productus sp. b, Fusella nipponotrigonalis Minato, Amplexus sp. a, Phillipsia 
ohmoriensis Okubo and Spiriferina octoplicata Sowerby. 

Jumonji Stage.—The thickness is nearly 400 meters; fossils are rather numer- 
ous, especially in beds D, and D,, and are found in the middle portion of this 
stage. From D,: Schizophoria resupinata (Martin), Fusella nipponotrigonalis 
Minato, Amplexus sp. b, Fusella nipponotrigonalis var. minor Minato, Syrin- 
gothyris transversa Minato, S. kitakamiensis Minato, Plicatosyrinx singulare 
Minato, ?.2 kumanoi Minato, Spirifer kozuboensis Minato, Kitakamithyris 
semicircularis Minato, Orthotetes keokuk (Hall), Pustula cf, tenuipustulata 
Thomas, Platycrinus asiatica Minato. From D,: Derbya depressa var. trans- 
versa Minato. Schizophoria resupinata (Martin) and Productus sp. b. 

Ohdaira Series._-Very thick, but less prolific in fossils, consisting also of thick 
tuffs, slates, and alternations of tuffs and slates, besides very thin lenticular 
limestones; divisible also into two stages. the lower, the Maide Stage, and the 
upper, the Kozubo Stage. 

Vaide Stage.—This stage is some 500 meters in thickness; two important fos- 
sil-hearing beds E, and E, are found in the lower part. Fossils from E, are: 
{mplexus nipponensis Oishi and Minato, A. sp. a and b, Syringopora sp., 
Brachythyrina nagaoi Minato, Productus sp. b. Cliothyridina royssii (L’Evillé) , 
Spirtferina octoplicata Sowerby, Syringothyris transversa Minato, S, sp., Fusel- 


la nipponotrigonalis var, minor Minato and Brachythyris aff. pinguis (Sower- 
by). From E,, also Brachythyris aff. pinguis (Sowerby). 

Kozubo Stage.—This stage, about 500 meters thick, consists mainly of tuffs 
and slate in alternation, especially in its lower part, while the upper part is 
chiefly composed of fine-grained sandstones intercalated by very thin cherts. 
Irom the two fossil layers, Fy and F,, the following fossils have been found: 


from F,, Sugiyamaella carbonarium Yabe and Minato, Productus sp., Cho- 


netes sp. and Spirifer sp. c; from F,, Spirifer sp. d. 


Vasao Boundary Between the Lower 


An abrupt change facies is observable at the very base of the 
irboniferous deposits above the Kozubo Stage 
calcareous slates, carbonaceous slates and 
1owing a marked contrast to the foregoing 
rized by the prevalence of pyro lastic sediments. 
ns are more than 1000 meters in thickness, and 
he Onimaru and the Nagaiwa respect tively, 
unconformably overlaps the underlying Ohdaira 
of the Hikoroichi Series which are locally 


ing Onimaru Ser 
mostly composed 
numerous 


formations wl 


h happened prior to the transgression of the 
sut 350 meters thick, consists mainly of lim« 
us slates and alternations of slate and limeston 
writer is now aware, no pyroclastic sediments 
is divisible into two stages, the Hoto 
ihove 
Hotol lf ssils are known: Caninia juddi 
var. ozawai Mina di Siphonodendron pseudomartini (Yabe 
ind Hayasaka ensite ind Havasaka). S. martini (Edwards 
S. inugasirayamaensis Minato, Litho 
nozuchter ! Dorlodotia? 
ind Hayasaka 


| homson 


ind Haime), S 


or sp.. Diphyphyllum flexuosum 
hristolense Garwood and Goodyear, D 


D. asiaticum Minato. Rhodophyllum yokoyvamat 


inugastrayamadensis 


Minato, R. sugiyan 


ito. Care inophyllum onukii Minato, Setamainella 
fulophyllum hayasaka Minato. Yuanophyllum yabei (Nagao and 
Minato), Kueich / 7 thei Minato. K. kesenense Minato, A. yahagiense 


Minato, Syrir Goldfuss. Kueichoupora setamaiensis Minato 
d Gigante 


Stage vund not infrequently species which show a 
from the Hotokezaka Stage to the Hiishi Stage 
ozawai Minato, Siphonodendron pseudomar 
rtint (Edwards and Haime), S, pauciradiale 
tolense Garwood and Goodyear, Auet houphyl 
luctus sp. Besides them, however, such newly 
is Palaeosmilia kitakamiensis Minato, Amygdalo 
ind Minato, Pseudodorlodotia kakimii Minato, 
Yabe and Hayasaka), Hexaphyllia japonica Yabe 
kitakamiensis Yabe and Sugiyama, Muillerella 
Brady), Fostaffella parva (Moller) and Para 
these. the presence of Villerella, Parastaffella and 
s quite worthy of note, because their first ap- 
pearance is regarded to be in a rather limited horizon in foreign standard. 
Moreover, a Dibunophyllum bipartitum konicki (Edwards and Haime) 
is also one of the impor t elements of the Hiishi fauna. although this species 
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covery of an unconformity had long been expected. However, this unconformity 
became quite evident through our recent field work. This series, about 750 
meters thick, also consists chiefly of limestones, intercalated by several thin 
tuffaceous layers, except for the basal part, about 20 meters in thickness, which 
is composed of sandstones and conglomerates in alternation. 

A oreen tuffaceous layer with limestone lenticules is found at a horizon 

situated about 200 meters above the base of this series, That layer is character- 
ized by the first appearance of Profusulinella and Pseudostaffella in association 
with numerous corals such as Chaetetes, Thysanophyllum, Lithostrotionella 
and Sciophyllum. This layer has been regarded as a good key bed (so-called 
Horizon H,), being widely traceable throughout the south Kitakami district. 
Hence it may be quite convenient to divide the Nagaiwa Series into two di- 
visions, taking the base of this characteristic layer as a boundary line. Thus 
the lower half of the Nagaiwa Series is termed the Sabukura Stage, while the 
upper is the Yomogibata Stage. 
Sabukura Stage.—This stage, about 250 meters thick, consists chiefly of lime- 
stones, subordinate slates and tuffs, though the basal part is composed of thin 
conglomerates and sandstones. The nature of the limestones of this stage and 
also of the following Yomogibata Stage seems to be somewhat different from 
that of the Onimaru Series, the Nagaiwa limestone is mostly white in color 
and massive, while the Onimaru is black in color and usually shows clear 
stratification. 

No remarkable guide fossils have thus far been found in this stage. It is 

rather characterized by the sudden disappearance of the Onimaru type of 
orals, except for Dibunophyllum bipartitum konincki (Edwards and Haime) 
ind such foraminifera as Millerella. These two forms begin to appear for the 
first time in the upper half of the Onimaru Series as already stated, and cer- 
tainly existed also in the Sabukura Stage, although the latter is not specifically 
determined yet. Chaetetes nagaiwaensis Minato, Thysanophyllum aseptatum 
Dobrolyubova, and Sciophyllum japonicum Minato and Saito appear especially 
in the uppermost part of this series, though the first-named coral shows a long 
reological range to the top of the Yomogibata Stage and the last two extend 
at least to the base of that stage. 
Yomogibata Stage.—This stage, about 500 meters thick, also consists chiefly 
of limestones, and subordinate thin tuffaceous layers. It is especially character- 
ized by the presence of such fusulinid remains as Profusulinella, Pseudostaf- 
fella, Ozawainella and Eoschubertella besides Millerella. 

The stratigraphic distribution of these fusulinid genera together with 
coral species, shown in figure 2, are based mainly on the data gathered by 
Yamada (1958), and also by Minato and others (1958a), At the present mo- 
ment, the actual upper limit of this stage is unknown to the writer, because the 
Yomogibata Stage is unconformably covered elsewhere in the Kitakami dis- 
trict by the Lower Permian Sakamotosawa Series with the Pseudoschwagerina 
fauna. The maximum thickness of the Yomogibata Stage is now estimated to 


he at least 500 meters, so far as can be measured at its type locality. 


As described in the foregoing, the Carboniferous deposits younger than 
the Profusulinella zone are wholly lacking in the Kitakami district. 
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fhivoshi District 
In the Akivoshi district in southwest Honshu, the Carboniferous deposit: 
have been investigated more in detail by Ozawa (1925). Sugiyama (1959), 
Hanzawa (1941). Kawano (195 ind especially by Torivama (1954). Kato 


and Hasegawa of Hokkaido University are now carrying out a stratigraphical 


survey in the same area al writer's request. Preliminary results of their 


field work will be here b fly reported in combination with some of thi 


writers own p ilaeontological data. based on their collections of fossils. 
The Carboniferous of Akiyoshi district is divisible into the following thre 
sions in descet! d rder 
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Clisaxophyllum awa 
{ Nagatophyllum satot subzone 
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tuffs; it is more than 40 meters in total thickness, Fossils are: Meniscophyllum 
longiseptata Minato, Akiyosiphyllum stylophorum Yabe and Sugiyama, Lons- 
daleoides enormis (Ozawa), L, toriyamai Minato, Clisaxophyllum awa Minato, 
Vagatophyllum satoi Ozawa, Amygdalophyllum naosoidea Minato, A? gracile 
(Hayasaka), Polycoelia japonica Ozawa and Chaetetes sp. 
Stylidophyllum sp. subzone.—This consists of massive grayish limestones with 
subordinate intercalations of dolitic limestones. No sharp lithologic boundary 
an be found between this subzone and the preceding. Entire thickness is at 
least more than 150 meters. Fossils are: Clisaxophyllum awa Minato, Amyg- 
dalophyllum naosoidea Minato, A.? gracile (Hayasaka), Lonsdaleoides tori- 
vamai Minato, Taisyakuphyllum rostfer Minato, Stylidophyllum sp. (=so- 
alled Lonsdaleia floriformis crassiconus of Ozawa, non Smith), and Chaetetes 
Kato and Hasegawa are now of the belief that the upper half of their 
Stylidophyllum sp. subzone is stratigraphically almost equivalent to the so- 
alled Profusulinella beppensis zone of Toriyama (1954). From this zone 
loriyama once listed the following fusulinids: Profusulinella beppensis Tori- 
vama, P. rhomboides (Lee and Chen), Akiyoshiella ozawai Toriyama besides 
Staffella akagoensis Toriyama, and Eoschubertella obscura (Lee and Chen). 
The Clisaxophyllum ofukuensis zone is lithologically much like the im- 
mediately lower formation of the Stylidophyllum sp. subzone, but the lower 
limit of this zone is easily known from the first appearance of Fusulinella, al- 
though no stratigraphical break has ever been detected between those two 
formations. The upper limit of this zone is also not easily recognizable from 


the lithologic facies; however, the overlying limestone is characterized by more 


advanced forms of fusulinids of Permian age such as Pseudoschwagerina and 
Pseudofusulina. 

It is far from doubtful that the Clisaxophyllum ofukwense zone completely 
coincides with the Fusulinella bocki zone of Ozawa or the Fusulinella biconi- 
ca zone of Toriyama, both from stratigraphical and palaeontological evidences. 
Fossils are: Taisyakuphyllum rostfer Minato, Clisaxophyllum ofukuense 
(Ozawa), Lonsdaleiastraea nipponica Minato, Stylidophyllum sp., (so-called 
Lonsdaleia floriformis crassiconus of Ozawa, non Smith), and Chaetetes sp. 
Also Toriyama reported the occurrence of the following fusulinids from this 
formation: Fusulinella biconica (Hayasaka), F. itoi Ozawa, F, cf. bocki Moel- 
ler, F. cf. pseudobocki (Lee and Chen), F. subspherica Toriyama, besides 
Fusulina akiyoshiensis Toriyama and Fusiella cfr. typica Lee and Chen. 


Fukuji District 
Carboniferous deposits developed in a narrow area at Fukuji, Gifu Pre- 
fecture, have been investigated by Kamei (1952), Igo (1956, 1957) and 
Minato and Kato (1957b). Igo especially contributed much to establish num- 
erous faunal zones in these deposits, ranging from the Milerella to the Triti- 
cites zone. According to him, the Carboniferous in the Fukuji district is repre- 
sented by deposits which are comparatively thin, chiefly made up of limestones, 
without any stratigraphical breaks between the respective faunal zones, The 

faunal zones are as follows in ascending order: 


Boundary Between the Lower 
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lhe upper Kakisako member is about 200 to 250 meters in thickness, 
and is composed mainly of slates and pyroclastic sediments intercalated by 
hasaltic lavas. No fossils. 

Zone of Fusulinella (Unnamed formation). Mostly consists of limestones. 
Fossils are: Fusulinella bocki Moeller and Fusulinella biconica Hayasaka. 
Kuriki Series About 250 meters in thickness. Limestones. Fossils are: Nan- 
kinella sp., Staffella pseudospheroidea Doutkevitsch, Fusulinella gracilis Kan- 
mera, HW edekindellina prolifica Kanmera, Fusulina higoensis Kanmera, Fusu- 
lina ohtanii Kanmera, F, kurikiensis Kanmera. 

Hikawa Series.About 120 meters in thickness. Consists mostly of limestones, 
Fossils are: Staffella sp., Schubertella sp., Quasifusulina longissima (Moeller), 
lriticites m wsumotoi Kanmera. yayam idakensis Kanmera, 

The Hikawa Series unconformably covers the Kuriki Series, and the 
Kuriki Series is also unconformably covered by the limestone formation with 
Pseudoschwagerina fauna, in which Kanmera reported the presence of such 
fusulinids as Pseudoschwagerina aff. moungthensis (Deprat), P. minatoi 
Kanmera, Paraschwagerina shimodakensis Kanmera, Triticites parvula 
(Schellwien), 7. subobsoleta (Ozawa), T. montipara (Moeller), Schwagerina 
krotowt (Schellwien) and Pseudofusulina cf. vulgaris var, fusiformis Schell- 
Wien. 

CORRELATION 

Correlation of the Japanese Carboniferous. lo sum up the description 
presented above, the Onimaru Series and its equivalents together with the 
formations ranging from the Profusulinella as far as the Triticites zone mainly 
consist of calcareous deposits, while the lower formations earlier than the 
Qnimaru Series are mainly detrital and tuffaceous, This is also true of other 
districts in Japan besides the typical areas described above; at least it is quite 
evident that the formations ranging from the Willerella to the Triticites zone 
ire largely represented by limestones elsewhere in Japan (see fig, 3). 

At the present moment fossiliferous deposits equivalent in stratigraphical 
position with those of the Hikroichi, Arisu, and Ohdaira Series have been not 
detected in Japan outside of the Kitakami district. There is one exception in 
the North Abukuma Mountains. where Sato recently found Lower Carbonif- 
erous deposits with fossils showing similar aspects to those of the Hikoroichi 
Series. These deposits, according to oral information from Sato, consist of 

cks showing similar lithological facies to that of the Hikoroichi Series, 

Further, there are widely distributed metamorphic complexes in Japan; 
for instance, the Sambawaga-Mikabu metamorphic complexes developed along 
the central axis of southwest Japan, and the so-called green metamorphic rock 
series of northeast Honshu. The original rocks of those metamorphic complexes 
are now believed to have largely consisted of pyroclastic sediments, which 
remind us strongly of the Hikoroichi, Arisu, and Ohdaira Series in the Kita- 
kami district. Accordingly it is by no means deniable that at least some part 


of those metamorphic complexes may be originally stratigraphically equivalent 


to the Carboniferous deposits with less numerous calcareous sediments now 
under consideration, although no guide fossils have ever been detected from 
those complexes, 
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for separating them into two systems or subsystems, putting aside any problem 
of their international correlation for the present. 

It is, however, by no means reasonable to establish a boundary between 
the Upper and Lower Carboniferous in such a manner; therefore, to supply 
further data, the correlations of the faunas and faunal zones will be briefly stated 
below. 

First of all, the faunal zone with Dibunophyllum, Kueichouphyllum, 
Siphonodendron and Gigantoproductus in association with Hexaphyllia, Md- 
lerella and Saccamminopsts, viz.. the so-called Hiishi fauna. corresponding to 
the upper half of the Onimaru Series, is widely traceable throughout Japan as 
in the Kitakami, Abukuma, Hida and Kyushu districts, although the presence 


of the lower half of the Onimaru Series has yet been ascertained only in the 
Kitakami district. 

The Onimaru faunas, both lower and upper, are dominantly of North 
European genera together with south Chinese and less numerous Australian 
elements. Dibunophyllum, Rhodophyllum, Siphonodendron, Lithostrotion, Di- 
phyphyllum, Aulophyllum (=? Setamainella), Palaeosmilia, Dorlodotia, be- 
sides Hexaphyllia and Heterophyllia are common in both Japan and Europe. 
These associations of coral genera together with such a brachiopod as Giganto- 
productus show the approximate equivalence of the Onimaru Series to the 
Dibunophyllum zone of the Upper Viséan in Europe. Yuanophyllum, Kuei- 
choupora, Kueichouphyllum together with such species as Dibunophyllum 
asiaticum Minato, Dibunophyllum kankouense Yii and Diphyphyllum plati- 
forme Yii are found in both the Onimaru Series and the Yuanophyllum zone 
of south China. Amygdalophyllum, found in the Japanese Onimaru Series, 
may be considered to be an element of the Australian Lower Carboniferous 
fauna. 

The Hiishi fauna representing the upper half of the Onimaru Series is 
especially characterized by the presence of such coral genera as Hexaphyllia, 
Heterophyllia, Palaeosmilia, Amygdalophyllum, Pseudodorlodotia, and Styli- 
dophyllum, besides Kueichouphyllum, Siphonodendron, Dibunophyllum and 
also foraminiferal remains, Millerella, Saccamminopsis, Parastaffella, and 
Eostaffella together with the brachiopod Gigantoproductus, Based on the asso- 
ciation of those genera above enumerated and especially on the presence of 
Villerella and Stylidophyllum japonicum (Yabe and Hayasaka), the Hiishi 


fauna may possibly be correlated with the uppermost Viséan in Europe and 
also with the Upper Chesterian in the United States. Millerella is common 
both in the Hiishi Stage and Upper Chesterian, while Stylidophyllum japoni- 
cum (Yabe and Hayasaka) is nearly like Stylidophyllum floriformis Martin, 
the good guide fossil of the uppermost Viséan in Europe. 


Furthermore, Hanzawa reported the presence of such foraminifera as 
Endothyra parva Moeller and Ozawainella struvi Moeller (Yabe and Sugiyama, 
1939) in the Onimaru Series, especially in the upper part, corresponding pre- 
sumedly with the Hiishi Stage. This is quite worthy of note, because they are, 
according to Malaghova (1956), Eostaffella parva (Moeller) and Parastaffella 
struvi (Moeller) respectively; the former is a good guide fossil of the formation 
ranging from Venev to Protova, while the latter is found at Protova. 
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Next, the Profusulinella zone has also been firmly established in the 
Taisyaku district, Hiroshima Prefecture (Yokoyama, 1957), in addition to 
the Akiyoshi, Fukuji and Kitakami districts. The base of this zone in Japan 
may be presumed correlative with the base of the Atokanian in the United 
States, and the Bashkirian in the Soviet Union. As far as the literature avail- 
ible to the iter indicates, Profusulinella is now believed to appear first in 
the lowest Atokan 1 an lso in the lower part, though not the lowest, of the 
Bashkirian, being almost equivalent with the Kayalian in  stratigraphical 
position. 

The zone of Fusulinella or the zone of Fusulinella-Fusulina has been more 
widely known in Japan than the Profusulinella zone, although these faunal 


zones seem to involve many dilhculties in correlation. 


The so-called zone riticites is lacking in such areas as the Kitakami, 
Abukuma, Taisyaku and Al shi districts in Japan, but it has been cer- 
tainly established in the Fuki ind Kakisako districts as stated before. 


is next proposed to disé n ascending order the faunal zones found 
in » lower division of the irboniferous showing less numerous calcareous 
facies in Japan, As has been already described in detail, there are numerous 
fossil-bearing beds of stratigraphical importance in the formations ranging 


from the Hikoroichi throug! risu to the Ohdaira Series. 

[There are to be found sp s on the one hand, which have quite a short 
seological range restricted only to one such horizon as A,. B,. B,, D., and | 
respectively; while, on tl ther, there are also species which show a long 
seological range extending from to B,. B,. C.. D, or even E,. Gradual 
changes which happened ntl I issemblages are easily traceable through 
the long ages from the Hikoro to the lower half of the Ohdaira. Leptaena 
analoga Phillips is espe y characteristic of the Hikoroichi Series, being 
found both in al ) vhile the same species 1s believed to have a geo- 
logical range extendi: Irom the Cletstopora to Syringothyris zone (Km to 
{ in England, from the istopora to Zaphrentis zone (K to Z) in Belgium 
ind also throughout the Kinderhookian in the United States. 

Cliothyridina royss shows a geological range in Japan from 

A, bed of the Ikawa St p to KE, of the Maide Stage. This species is 
lso believed to have bee: ally flourishing in the age between the 
Cleistopora to Zaphrentis zone | ind Z) in England, although its true range 
has been ascertained to be still longer than the mentioned period, because it 


been known even in the m as the lowest horizon on one side, while also 


has 
in C. as the highest hori n Europe. Schizophoria resupinata Martin has 
been detected only from the Jumonji Stage (D, to D,) in Japan up to the 
present, while it is also commonly found in the formations ranging from the 
Zaphrentis zone to the Syringothyris zone Z, to C, in western Europe. 


Actinoconchus lamellosa (L’Evillé) shows a geological range extending 


from B, to D, in Japan, while this species is believed to be a good guide fossil 


usually for K i! I ngial d Spiriferina oO toplicata Sowerby is also a sper ies 
showing a long geological range. It has been found not only in the Lower 
Carboniferous but also in the later Devonian both in Europe and Japan, In 
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the Kitakami district, this species was collected in the Tobigamori and Hiko- 


roichi Series, and in the Jumonji and Maide stages. 

Spirifer kozuboensis Minato, having been found in A, of the Ikawa Stage 
and D,, of the Jumonji Stage, may be considered to belong to the same cate- 
gory of such spiriferids as Spirifer tornacensis De Kon., and Spirifer mari- 
onensis Shumard. All of them have shells showing similar outer configuration 
and plicae, besides similar cardinal areas which are almost parallel to their 
very extremities, resulting in the appearance of a very narrow parallelogram. 


Phe genus Kitakamithyris of the subfamily Reticulariinae Waagen, 18% 


B3, 
was not known outside Japan until a short time ago, but its presence in the 
Mississippian in the Penn-York embayment of the United States was found 
lately by F. D. Holland (personal communication). This genus is quite dis- 
tinctive in having shells decorated by biramous spine bases and in having 
dental plates and a median septum in the ventral valve instead of wholly lack- 
ing any apical platets in the dorsal valve. Therefore it is evident that this genus 
is quite closely related to Torynifer, found in the Mississippian of the United 
States, except in the absence of a median plate in the dorsal valve of the 
former. In Japan there are to be found three species belonging to Aitakami- 
thyris, two of which, Kitakamithyris tyoanjiensis (Minato) and Kitakamithyris 
hikoroichiensis (Minato) are found restricted to horizon A,; the other one, 
Kitakamithyris semicircularis Minato shows a rather long range extending 
from A, to D,. 

However, this genus, according to Holland, was found in a formation, 
presumedly the earliest Mississippian in age. The present writer believes that 
this genus may play an important role in the correlation of the Japanese Lower 
Carboniferous and the Mississippian, 

Further, a well-known crinoid genus Actinocrinus (or Actinocrinites) is 
usually regarded as a leading form to characterize especially the lower half 
of the Avonian and Dinantian as well as the Mississippian. This genus is also 
found in both A, and B, of the Hikoroichi Series in Japan. 

lo sum up, it is by no means deniable that the Japanese Hikoroichi 
Series may correlate approximately with the Lower Mississippian or the lower 
part of the Avonian as well as the Dinantian. The writer is now inclined to 
reg ird the formation hetween A and B of the Hikoroichi Series to be cer- 
tainly equivalent with the formations ranging from k, to k», the Cleistopora 
zone in England, 

Next, the Jumonji Stage has intermediate faunal assemblages between the 
underlying and the immediately covering formations, although it also contains 
several fossils characterizing only this stage. 

For instance, in the Jumonji Stage such comparatively older elements as 
Spirifer kozuboensis Minato, Cliothyridina royssii (L’Evillé), and Spiriferina 
octoplicata Sowerby are also found. All of them begin to appear in the A, 
bed of the Hikoroichi Series or still older beds, as already noted, Further, 
Platycrinus asiatica Minato, a crinoidal species, may also possibly belong to 
the same category, although it has never been found elsewhere than in the 
Jumonji Stage in Japan, because this species is similar to Platycrinus guttifer 
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Schmidt, which was described by Schmidt (1930) from the Etroeungtian 
near Diisseldorf in Germany. 

There are also to be found such younger elements in the Jumonji Stage 
as Syringothyris transversa Minato, Amplexus sp. b, Brachythyris aff. pinguts 
(Sowerby). and Fusella nipponotrigonalis var. minor Minato; all of those 
species appear first in the D, bed and range to E, or E, beds of the Maide 
Stage. 

The Jumonji Stage is. however. also rich in other fossils besides the long- 
ranged species above enumerated; especially Syringothyris kitakamiensis 
Minato, S. jumonjiensis Minato. S, transversa Minato, and Fusella nippono- 
trigonalis Minato in this series. Syringothyris jumonjiensis Minato is somewhat 
like Syringothyris cuspidata var. exoleta North, while Fusella nipponotrigonalis 
Minato may be most like Spirifer triangularis Martin among fusiform 
spiriferids. These two foreign species are good horizon indicators of the 
Syringothyris zone (C) of the Avonian in England. Brachythris pinguis 
(Sowerby) is known in the same zones (( and C.) in England, and the 
Japanese species referable to it is also found in beds D, and E,, in the Jumonji 
and the lower half of the Maide Stag: 

The present writer would place particular stress on the fact that Syrin 
gothyris is most abundantly found in the Jumonji Stage in respect to both 
individuals and species, although one unnamed species shows a still longet 
range extending from Bb, to E,, in the Kitakami district. Such being the case. 
the writer holds the view that the Jumonji Stage is probably equivalent to the 
Syringothyris zone in England which is also known to be especially rich in 
Syringothyris, and further to have a fauna intermediate as a whole between 
that of the Tournaisian and Viséan 

If such be true. the Hinozuchi Stage. the lower half of the Arisu Series 

ymprising important fossil-bearing beds B,. and C... and the uppermost part 


of the Hikoroichi Series, represented by B,. may be correlated with the 


Zaphrentis zone of England, because the formations noted above are situated 
mmediately below the Jumonji Stage characterized by Syringothyris and are 
ibove the formations with a fauna showing the Kinderhookian or the lowe 
Avonian as well as Dinantiar pect 

From the Ke ie upper half of the Ohdaira Series. no good 
uide fossils except Sugiyamaella carbonarium Yabe and Minato, an endemi 


form of coral. have ever been found up to the present. But this stage is strati 


! iphis ally situated below the Onimaru Series characterized by the Kueichou 


phyllum Dibunophyllum fauna, and is also far higher than the Jumonji Stage 


which is correlated with the Syringothyris zone. so it seems highly probable 
that the Kozubo Stage is almost equivalent to the Lower Viséan. 

Next. the Sabukura Stage has comparatively few fossils: Dibunophyllum 
bipartitum konincki (Edwards and Haime) is found throughout, and such 
corals as Chaetetes nagaiwaensis Minato. Thysanophyllum aseptatum Dobrol- 

Sciophyllum aponicum Minato and Saito and Lithostrotionella kita 
ire found especially in the upper part of this stage. Except 


hove enumerated. no noteworthy sper ies have been detected 
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Dibunophyllum bipartitum konincki (Edward and Haime) begins to 
appear first in the later half of the Onimaru Age and seems to have survived 
until the earliest Yomogibata Age, while the other corals show a geological 
range extending at least up to the lower part of the Yomogibata Stage, which 
is characterized by the presence of such fusulinids as Profusulinella, Eoschu- 
bertella, Ozawainella and Pseudostaffella. 

Of the Sabukura fauna, Dibunophyllum bipartitum konincki (Edwards 
and Haime) has been believed to range from the Upper Viséan to the Lower 
Namurian in Europe; Thysanophyllum aseptatum Dobrolyubova was described 
by Dobrolyubova from the Carboniferous of the Ural Mountains; Lithostro- 
tionella kitakamiensis Minato is somewhat allied to L, stylaxis (Trad.) de- 
scribed also by Dobrolyubova (1936) from the Middle Carboniferous of the 
Moscow Basin; Chaetetes nagaiwaensis Minato is believed by Japanese geolo- 
gists to be conspet ific with an undescribed chaetoid coral found in the Penchi 
Series of South Manchuria. The genus Sciophyllum is a coral known only 
from the Yukon-Alaska boundary except for the Kitakami district in Japan. 
The age of the formation in the Yukon-Alaska boundary is now believed, 
wecording to Harker and McLaren (1950), to be not certain, although they 
once suggested it to be Mississippian. 

Such being the case, the Sabukura fauna, though not numerous in species, 
seems to show a somewhat intermediate nature between that of the Lower and 
the Upper Carboniferous (s.l.); it must be noted however, that most corals 
except Dibunophyllum bipartitum konincki (Edwards and Haime) are wholly 
lacking in the Sabukura fauna. So the difference between the Sabukura and 
the Onimaru fauna should be regarded as being great as far as the corals are 
concerned, The writer is now of the opinion that the time break indicated by 
the presence of unconformity between the Onimaru and the Nagaiwa Series is 
far greater than formerly believed by some geologists in Japan. Further, the 
writer is now of the opinion that the Sabukura fauna should be regarded as 
being more closely related to that of the Yomogibata Stage, the Profusulinella 
zone, than with the Onimaru fauna. 

Now the upper limit of the geological age of the Sabukura Stage is firmly 
settled because the lowest part of the Yomogibata Stage, immediately covering 
the Sabukura Stage, is characterized by the first appearance of Profusulinella. 
Also, the lower limit of the geological age of the Sabukura Stage is determined 
to some extent, because the underlying Hiishi Stage, the upper half of the 
Onimaru Series, is apparently equivalent to the Upper Chesterian or the up- 
permost Viséan as already stated. Therefore, it may be by no means unreason- 


able to assume the Sabukura Stage to be lowest Pennsylvanian or the lowest 


Upper Carboniferous (s./.) in age. 

Even though one holds the view that the correlation between the Sabukura 
Stage and the foreign standard section of the Carboniferous is by no means 
certain at the present moment, especially on account of the lack of any good 
guide fossils in the Sabukura Stage, the writer cannot help believing that the 
boundary line between the Lower and Upper (s./.) Carboniferous would be 
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the base of the Nagaiwa Series, at least as far as the type area 
Kitakami district is concerned 

Meanwhile, the formations which are probably in sub-equal stratigraphi 
cal position with the Sabukura Stage in the Kitakami district are widely trace 
ible throughout southwest and central Honshu Island. The fauna of the latter 
formations. however. shows quite a different aspect to that of the Sabukura 

Stage, especially regarding the assoc! ition of the coral species. 
ilready stated, the formations called the Nagatophyllum satoi subzone. 
the lower half the Stylidophyllum sp. subzone, are situated 
immediate below the Profusulinella beppensis zone of Tori 
type area of the Akiyoshi district. Those formations with s milat 
furthermore. widely traceable in the Taisyaku district, Hiroshima 
Yokoyama, 1957 the Ibuki district. Kyoto Prefecture (Seki. 
Omi district in the Niigata Prefecture (Hayasaka. 


nportance in those formations and 
table 1 which suggests that a gradual 
the corals during the Nagatophyllum satoi 
es. This is quite like the change obser 


and the Yomogibata Stages in the 


t xplain the differences in the coral 
subzone and the lower half of the Stylido 

ird. Fujimoto (1952) and Kobavashi (1941) 
the Nagatophyllum satoi zone may represent a 
Sabukura Stage in the Kitakami district; they 


ate ibzone to the Upper Viséan. But such a 


upper half of the Onimaru Series or its 
elsewhere in Japan from the Kitakami 
ons which can be correlated to the 

ic of the corals of the Nagato 

muund. On the other hand, no trace of the 
detected either from the Nagatophyllum 
of the Stylidophyllum sp. subzone, either 


ts where formations equivalent to these 


guide fossils indicating 


ttophy 


yillum satoi subzone or in the Styli 


has long been the writers view that the 
gatophy im satot subzor together with the lower half of the Stylidophyllum 
subzone may be almost synchronous with the Sabukura Stage and not be 
related with the Onimaru Series. However, the formations represented by 

ve and the Sabukura Stage may be heterotopi: 


suggested by the different association of coral 
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As has been stated in detail, the Sabukura Stage is widely developed in 
the Kitakami district, Its fauna is quite distinctive in comprising species show- 
ing a northern aspect, like Sciophyllum japonicum Minato and Saito, Chaetetes 
nagaiwaensis Minato, Thysanophyllum aseptatum Dobrolyubova, Lithostrotio- 
nella kitakamiensis Minato, besides Dibunophyllum bipartitum konincki 
(Edwards and Haime). All these species have a strong affinity to those which 
have been known in Alaska or northeast China. the Ural and Moscow Basin. or 
even in western Europe, On the contrary, formations characterized by corals of 
the Nagatophyllum satoi subzone and Stylidophyllum sp. subzone in their type 
areas are found only in southwestern Japan. more western than Central 
Honshu. The coral fauna of those formations show a strong affinity to that of 
south China. Malay. or even eastern Australia. For instance, Lithostrotionella 
taishakuensis Yokoyama is allied to L. tingii Chi, one of the Weiningian ele- 


653 
etween the wer and 
Meniscophylium jongiseptatea Mine 
At youphyllum slyleshe Yebeet 
sesophyiium eee not 
BAW gracile 
Key Weste px rostper Mine 
SMylidephylilom 
4 a al | 
AChoetetes sp 
kk [0 thostretionelia Yot 
10 Prudepevene Y.5 et | 
Stylidephy!llum Yotoya 
eA SMillereila vigemm a 
Propusulinelio beppensis Toriyama 
a modend a8 4 | 
— 
tote 
$ 
enue 
Ochaetetes nagawaensis 
‘ Neokon lum Yomogibota stage 


654 Vasao Minato—The Boundary Between the Lower 


ments of south China, Admygdalophyllum are frequently found in south China, 
Malay, and Australia, while Nagatophyllum is extremely near Symplectophyl- 
lum, an Australian coral. Furthermore, Lonsdaleoides, found abundantly in 
southwest Japan, is somewhat like Aionophyllum, a Weiningian coral of south 
China. 

Such being the case, the Sabukura Stage is almost equivalent to the forma- 
tions represented by the Nagatophyllum satoi subzone together with the lower 
half of the Stylidophyllum sp. subzone, but those two may have been deposited 
in a different basin in which a different fauna was living at the same time. The 
Sabukura Stage may have been deposited. to be sure, under the sea water 
which was dire¢ nited with that of the northern ocean, through the Penchi 
Basin. while the ( ‘ring southwestern Japan in those days may have heen 
in more intimate relatic with the southern ocean through the south Chinese 
Basin. In short, northeastert Japan belonged to the boreal province, whereas 
southwestern Japa helor d to the south ( hinese province. 

If such be true, it seen ear that the very base of the Nagatophyllum 

subzone would | I nterpreted as the boundary between the Lower 
irboniferous ir uthwestern Japan, as the base of the Nagaiwa 

northeaster: 

As to the length of tl eak by the unconformity at the base of 
the Nagaiwa Series, th irbonifers eposits at Fukuji, central Japan 
should be ! mor ie ect ling to loo (1956. 1957). the lowest 
formation of the Carboniferous developed there is characterized by the presence 
of Millerella. The entire thickne if the Willerella zone is not very great, and 


yet it is divisible, a to . into two subzones: the lower, the Villerella 


kanmerai, and the t lerella bigemmicula subzone. 

The Millerella bigemr a subzone is only 5 meters thick and is made 
up of limestones, in which only such primitive fusulinids as Willerella, Pseudo- 
staffella and Paramillerella are found. as stated in the preceding pages, but 
there is a lack of other kinds of fossils, However. in the Taisyaku region, some 


220 kilometers eastward from Akiyoshi, Milerella bigemmicula Igo was lately 
found by Yokoyama in limestone bearing numerous corals quite similar to 


those which have alrea been described from both the Vagatophyllum satot 
und the Stylidophyllum sp. subzones at Akiyoshi (see table 1). Accordingly, 
the Willerella bigemmicula subzone at Fukuji may be almost equivalent to the 
two coral zones at Akiyoshi although the former is very slight in its thickness. 
o the underlying formation like the Milerella kanmerai subzone established 
by Igo at Fukuji shor certainly be regarded as still older than the Nagato- 
phyllum satot zone on the ba ot stratigraphic al position. 
The Millerella kanmerai subzone is still subdivisible into three members; 
the upper part, some 20 meters in thickness, is almost barren of fossils, while 


the middle and mwer member’rs are comparatively ri h in corals hesides primi- 


tive fusulinids. From the lo rmost member suc h corals are found as have al- 


ready been reported by tl | sent author in cooperation with Kato (Minato 
and Kato, 1957b). vi ronodendron hidense Kato, Arachnolasma cylindri- 
cum Yii, Dibunophyllum sp. Palaeosmilia cf. murchisoni (Edwards and 


Haime), Heterocaninia sp., Hexaphyllia sp. and Syringopora sp. 
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Thus. the lowermost member should be regarded as correlative with the 
Hiishi Stage, the upper half of the Onimaru Series so far as coral fauna is 
concerned, The coral fauna of the middle member of the Millerella kanmerai 
subzone, though less rich in number of species, shows quite a different aspect 
from that of the underlying lower member as well as that of the Hiishi Stage 
which is developed in other districts in Japan. 

The middle member is characterized by such corals as Lonsdaleia aff. 
duplicata duplicata (Martin). Lonsdaleia sp.. Rhodophyllum ? minatoi Kato, 
and Neokoninckophyllum nipponense Kato. Of these Lonsdaleia cf. duplicata 
duplicata (Martin) is close to Lonsdaleia duplicata duplicata Martin; the latter 
is believed to range from D, to E, in Britain, while it occurs in the Protova 
bed in Russia, which is believed to be almost equivalent to the Namurian in 
western Europe. Neokoninckophyllum nipponense Kato seems to be most nearly 
allied to the Lower Pennsylvanian species of N. gracile. Rhodophyllum? 
minatoi Kato shows a character somewhat like R. fukudai Minato and Kato 
described from the Lower Carboniferous in Manchuria, presumably almost 
equivalent to the Upper Viséan. However, the Japanese species (R.? minatoi 
Kato) is quite distinctive in having a broad area occupied by lonsdaleoid dis- 
sepiments and seems to be very near Lonsdaleoides, except for its solitary 
form. 

Such being the case, the coral fauna of the middle part of the Millerella 
kanmerai subzone, though it comprises only four species, has as a whole, a 
decidedly younger aspect than that of the lowest member as well as the Hiishi 
fauna which is widely known throughout Japan. 

Therefore it is not improbable that the Neokoninckophyllum fauna, found 
at the horizon immediately above the formation with the Hiishi fauna at 
Fukuji, may have developed during the time interval represented by the un- 
conformity or by the abrupt change observable between the coral fauna of the 
Onimaru and the Nagaiwa Series, The present writer is not yet certain whether 
or not the middle and upper members of the Millerella kanmerai zone of Igo 
are wholly equivalent to the break between the Onimaru and Nagaiwa Series, 
because the corresponding formations are so thin. However, it may be quite 
true that the Neokoninckophyllum fauna of Fukuji represents at least some 
part of the time interval between the Onimaru and Nagaiwa Ages. 


Boundary between the Devonian and Carboniferous in Japan 


Before presenting concluding remarks on the boundary of the Lower and 
Upper (sJ.) Carboniferous in Japan, the writer would like to offer a brief ac- 


count of the boundary between the Devonian and Carboniferous in Japan, 


Formerly some Japanese paleontologists held a view that the lower part of 
the Hikoroichi Series may be Devonian, but that is by no means certain, be- 
cause there are to be found numerous fossils of an undoubtedly Lower Carbonif- 
erous type even in a lower horizon such as A,. For instance the following are 
leading types: Actinocrinus ohmoriensis Minato, A, higuchisawaensis Minato, 
Leptaena analoga (Phillips), L. convexa Weller, Cliothyridina royssii 
(L’Evillé), Actinocohnchus planosulcata (Phillips), Kitakamithyris tyosnijien- 
sis (Minato) together with numerous spiriferids and productoids. 
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Meanwhile, the Tobigamori Series has been ascertained to be unconform- 
ably covered by the Hikoroichi Series. The former consists largely of slates, 
sandstones, porphyroid tuffs, tuffs, and conglomerates, more than 1000 meters 
in entire thickness. It is characterized by the following fossils: Cyrtospirifer 
cf. kindlei Stainbrook, Cyrtospirifer cf. breviposticus Stainbrook, Cyrtospirifer 

Spurtifer (T rigonotreta verneuuli of Yabe and Noda, non Murchison), 
Sinospirifer sinense var. australis Maxwell, Camarotoechia pleurodon (Phil- 
lips), Chonetes hardrensis Phillips, besides such plant remains as Leptopho- 

ef. australe (M’Coy) and Cyelstigma sp. (Tachibana, 1950). Further the 
presence ol the following species must also be mentioned, although they are 
not vet described lviculopecten cf. losseni (Koken), Vurchisonia? Sp., 


Brachythyris? sp.. Orbiculoidea sp., Schizophoria sp., and Spiriferina octopli 


cata Sowerby 


There is thus m iff ity n determining the geologic age of the 
Tobigamori Series on the | f the fossils listed above because good euide 
fossils are seldom found licating with certainty that they are Devonian. 

Cyrtospirifers are frequently found in the Tobigamori Series, but all 
sper ; inl enus tou J ipan I ither resemble the sper ies des ribed hy 
Stainbrook from the lowest Kinderhookian. Only Sinospirifer sinense var. 
australis Maxwell is pecies described from the Devonian in Morgan district, 
western Australia 

However. none « I sp of the Tobigamori Series shows a long 
seological range extendi ip to the Hikoroichi Series, except for Spiriferina 
octoplicata Sowerby. Moreover, there does certainly exist an unconformity be 
tween the Tobigamo1 nd tl oroichi Series. Therefore the writer is now 
nelined to the view that the boundary between the Devonian and Carbonife1 
IS would he he st { wl pan al l pase ol the Hikoroi hi Series, 


THE BOUNDARY I rWwe THE LOV R AND THE UPPER CARBONIFEROLUS 
APAN 


repeatedly stated, the Japanese Carboniferous 

s on the basis of lithologic nature, The lower 

ymposed dominant pvrocl sediments like agglomerates, tuffs with 

diabasic lavas, and porp! rid t besides normal sediments like slates, fine- 

grail ed sandstones l aiolatr ( herts conglomerates and less numerous 

thin limestones, The upper tinly comprised of limestones with subordinate 

tuffs and a smal yunt of other kinds of sediments, The boundary between 
these two divisions may be drawn at the base of the Onimaru Series. 

In examinii < facies of the upper divisions more in detail how- 
ever, it is clear that t nimaru Series, as well as its equivalents, and also 
their immediately rly rmation like the Neokoninckophyllum zone at 
Fukuji are wholly |: r any kind of pyroclastic sediments throughout Japan. 
Further, the tuffs or agglomerates together with diabasic flows are again first 
to be found at the very b of the Nagatophyllum satoi zone or its equivalents, 
Also similar pyrociast sediments are frequently intercalated in the ascending 


formations } ylusulinella. Fusulina, Fusulinella. and Triticites zones. 
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f Palaeozoic re blac the Japanese islands Locality 
ireas of fossilifero rboniferous deposits. 1. Kitakami; 2. 
th Abukuma fuji: 6. Ibuki; 7, Taisyaku; 8. 


Thus it easily can be deduced that volcanic activity was extremely violent 
throughout Japan during the ages of the forming of the Hikoroichi, Arisu and 
Ohdaira Series, but suddenly suppressed or at least much weaker at the Oni- 
maru and its immediately following age, and again revived after the Sabukura 
(ge or its equivalents 

Chis revival of voleanic activity in the early part of the formation of the 
Nagaiwa Series should not be overlooked in consideration of the boundary 


problem between the Lower and Upper Carboniferous in Japan. 
Diastrophism.—_In the Kitakami district, unconformities have been detected 
with certainty at the base of the Hikoroichi, Onimaru and Nagaiwa Series, be- 


sides that at the base of the Sakamotosawa Series, the Pseudoschwagerina 
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ile in the Abukuma Mountains, especially in the northern part, an 
unconformity is observable at the base of the formation equivalent to the 
Hiishi Stage, i.e., the upper half of the Onimaru Series in the Kitakami district 
In Kyushu, the presence of an uncontormity was proven by Kanmera at the 
vase of the Kuriki Series, the Fusulina kurikiensis zone, and also at the base 
of the Hikawa Series. the rill s yavamadakensis zone, In the Akiyoshi and 
laisyaku districts i stern Honshu, a marked stratigraphic break is 
Li-biconica zone and the Pseudoschwagerina 

n situated immediately below the Naga 
out on the surface, Accordingly, it is a 
whether or not these two formations art 


he presence of an unconformity is 


ve been detected from the Carbonifer 


been most widely traceable and is most 


vypoint of tectonic movement. 


ire ne Viev 
itakami Mountains, the formations ranging from the Ohdaira, 


and a part of the Hikoroichi Series are observed to be locally lacking 

of the severe denudation which happened in the pre-Onimaru Age 

thickness of those m ormations is now estimated to be nearly as 

much as 2250 meters at maximum. Further, severe folding and faulting which 

happened surely prior to the transgression at the dawn of the Onimaru Age 

ire now firmly ascertained elsewhere in the Kitakami district, through detailed 
stratigraphical surveys by the writer and colleagues. 

Also in the Abukuma Mountains, especially in the northern region, some 
metamorphic complex is now believed to be a product brought about by a 
metamorphism prior to the Onimaru Age (Minato, 1957), Naturally this meta 
morphic complex together with other metamorphic rocks found in_ the 
Sambagawa-Mikabu metamorphic zone, as well as the Sangun-Motoyama 
metamorphic zone in Japan, which are widely traceable along the central axis 
of southwestern Japan, may not be the products of one phase of the meta 
morphism, but should be considered to have been formed step by step through 
several phases or orogenic movements. At any rate such metamorphism might 
also have been in progress in the deep-seated bottom of the geosyncline during 
the phase of the pre-Onimaru diastrophism. 

Meanwhile. it should also be emphasized that the geosynclinal sea cover- 
ing the Japanese islands in the Carboniferous period did not remain as a mere 
sinking and depositional area from the dawn of the Sabukura Age until earliest 
Permian, Sometimes it was converted into land being obliged to suffer severe 
erosion, as is suggested by the frequent existence of local unconformities in 
those deposits, which show a marked contrast to the still older ages represented 
by such formations as the Hikoroichi. Arisu and Ohdaira Series, All those 
formations are conformable with each other without any stratigraphical breaks 
In those older ages, the geosynclinal sea seems to have remained as a con- 
tinuous depositional area, except for the pre-Onimaru phase. 

lhe writer is now wondering about the probable existence of another 


unconformity at the base of the so-called Fusulinella bocki-biconica zone in 


the pre-O 
In the K 
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southwestern Japan, although this has not yet been ascertained by field obser- 
vation, The presence of such an unconformity, however, is suggested by the 
extreme thinness of the so-called Profusulinella zone in southwestern Japan, 
against a considerable thickness of the corresponding formation, the Yomogi- 
bata Stage in the Kitakami district. 

At any rate, the Carboniferous deposits in Japan are characterized by the 
presence of numerous unconformities in the upper divisions above the Onimaru 
Series, while a lack of unconformities characterized the still older formations 
of the Hikoroichi, Arisu and Ohdaira Series. 

Palaeogeography.— Regarding the fossils found in the Upper Devonian Tobi- 
gamori Series, the Japanese fauna of this series shows an aspect quite different 
from that of south China. The Japanese fauna seems to have a more intimate 
relation to that described by Diener (Bagdanowitsch and Diener, 1900) from 
the uppermost Devonian of Ajan, eastern Siberia, facing the Ohkotsk Sea on 
the one hand, while it also shows some similarity to the fauna described by 
Maxwell (1951) from the Mt. Morgan district, Australia. There seems to be 
something similar in the fauna found in the formations ranging from the 
Hikoroichi through Arisu to the Ohdaira Series. The Japanese faunas cannot 
he seen to have any similarities to those of south China as a whole, but seem 
to show some resemblance to the fauna found in eastern Australia (W. G. H. 
Maxwell, personal communication). For instance, such species as Syringothyris 
umonjiensis Minato described by the writer from the Jumonji Stage, and 
Brachythyris kitakamiensis Minato of the Ikawa Stage are also believed to oc- 


ir in the Carboniferous in eastern Australia. 


Besides, Kitakamithyris, one of the leading brachiopod genera in the 


Japanese Carboniferous, ranging from the Hikoroichi to the Jumonji Stage, 
has been found lately (in the Lower Mississippian of the Penn-York embay- 
ment in the United States) by Holland. 


lhe Onimaru fauna in Japan is now believed to be made up of numerous 
south Chinese elements such as Kueichouphyllum, Yuanophyllum, Kueichou- 
pora, Diphyphyllum platiforme, Dibunophyllum kankouense, Dibunophyllum 
asiaticum, etc., besides numerous European and less numerous Australian ele- 
ments, as above stated. Accordingly it may be said that the sea of the Onimaru 
Age covering the Japanese Islands was surely directly united with the sea of 
south China. 

Kueichouphyllum yabei Minato and Kueichoupora setamaiensis Minato 
are known not only in Japan but also in the Antitaurus district, Asia Minor 

Fliigel and Kiratlioglu, 1956). This indicates that the so-called Kueichouphyl- 
lum sea covering all the Japanese Islands extended as far as the Antitaurus, 
through south China. So it is quite certain that, in the Onimaru Age, the sea 
covering the Japanese Islands was in an isotopic relation at least with the 
Chinese sea so far as the coral fauna is concerned. 

Probably the land mass that once existed in a still older age between the 
Japanese and Chinese seas as a barrier interrupting the free communication of 
coral fauna between these two sea basins was submerged at the dawn of the 
Onimaru Age. 
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€. O. Dunbar in expressing these views in the English language is gratefully 
at knowledged. 

REFERENCES 


owitseh, K ind Diener, C., 1900, Ein Beitrag zur Geologie der Westkiite des 
hotskischen Meeres: K. Akad. Wiss. Wien, Math.-Naturw. KI., Band 109, Abt. 1. 
1931, Weiningian (Middle Carboniferous) corals of China: Palaeontologia 
ser. B, v. 12, fase. 5, 70 p. 
1935, Additional fossil corals from the Weiningian limestones of Hunan, Yun- 
nan and Kwangsi Provinces, in SW. China: Palaeontologia Sinica, ser. B, v. 12, fase. 
6, 38 p. 

Dobrolyubova. ] A. 1936, The corals of the upper ( arboniferous of the western slope of 
the middle Urals and their stratigraphic importance: All-Union Sci, Research Inst. 
Econ. Min, [Moscow] Trans., fase. 103, 68 p. [In Russian, English summary.] 
vel, H., and Kiratlioglu, E., 1956, Zur Palaontologie des anatolischen Palaeozoikums. 
6, Visékorallen aus dem Antitaurus: Neues Jahrb., Monatshefte 11, p. 512-520. 
moto, H., 1952, The fusulinid zones in the Japanese Carboniferous: Cong. Avance. 

ratigraphie et Géologie Carbonifére, 3rd, Heerlen, Comptes rendus, v. 1, p. 
219-223 

Harker, P. and MeLaren, D. J., 1950, Sciophyllum, a new rugose coral from the Canadian 
Arctic: Geol, Survey Canada Bull. 15, p, 29-34, 42-43. 

Hayaska, L., 1924, On the fauna of the Anthracolotic limestone of Omimura in the west- 
ern part of Etige: Tohoku Imp, Univ, Sci. Repts., ser. 2, v. 3, no. 1, p. 3. 
rawa, S., 1941, The stratigraphical relation between the Carboniferous and Permian 

n Manchuria, Korea, and Japan proper: Japanese Jour, Geology Geog- 
18, p. 97-108 
1936, Korallen der Moskauer Gshel- und Schwagerinen-Stufe det Karnis« hen 
Palaeontographica, Band 83, Abt. A, p. 99-162. 
1938, A monograph on the Carboniferous rugose corals of Scotland, Part I: 
raph, Soc., v. 91, p. 1-78 
1948, The distribution and sequence of Carboniferous coral faunas: Geol. Mag., 
121-148 
1957, The sequence and distribution of upper Palaeozoic coral faunas 
Australian Jour. S« v. 19, no sa. 12-61 
H.. 1956, On the Carboniferous and Permian of the Fukuji district Hida massif with 
r to the fusulinids zones of the Ichinitani group: Geol, Soc, Japan 
[In Japanese, English summary. 
1957, Fusulinids of Fukuji, southeastern part of the Hida massif, central 
Pokyo Kyoiku Daigaku Sci, Repts., see. C. no, 47, p. 153-246. 
, 1952, The stratigraphy of the Palaeozoic rocks of the Fukuji district, southern 
da mountainland: Shinshu Univ. Jour., v. 2, p. 44 
1952a, The lower Carboniferous Kakisako formation of southern Kyushu, 
ription of some corals and fusulinids: Kyushu Univ, Fae. Sci. Mem., ser. 


Vasao Minato—The Boundary Between the Lower 


1952b, The I pper Carboniferous and the Lower Permian ot the Hikawa val 
ley, Kumamoto Pref., Kyushu, Japan: Geol. Soc, Japan Jour., v. 58, no, 676, p. 17 
{In Japanese, English summary 
1954. Fusulinids from the Yayamadake limestone of the Hikawa valley, Kuma 


moto Pre fecture, Ky ishu, Jay i Jay anese Jour, Geology Geography, Ve 29, hos, l A 
p. 117-144 
Kawano, M., 1953, Strat 
fecture: Yamaguch niv 
Kobayashi, 1 1941, I wa 


in the northern part of Yamaguchi Pre 
Educ. Bull., v. 3, no. 1, sec, 3, p. 41. Lin Japanese. | 
n yvele and its bearing on the origin of 1! 
Japanese Islands Fac. Sci. Jour., sec, 2, v. 5, pt. 7, p. 219. 
Malaghova, N. P.. 1956, Formation in the limestone of the river Shartimka of the south 
heskogo Inst. Trudy, v. 24, no. 3, p. 26-54 Lin Russian]. 


| ral Gorno-Geolo 
Maxwell, W. G. H., 1 , Uppe evonian and middle 
Queensland | niy t I per no 14, 1-27. 
Minato, M., 1950, Zu ens 
Kitakami-Gebirges, Japar kkaid niv. Fa 
1951, On the lowe irboniferous fossils 
Japan: Hokkaido U: , Jour., ser. 4, v. 7, p. 355-382 
1952, A turther not the ower Carboniferous fossils of Kitakam 


Carboniferous brachiopods of 


m Vulkanismus im juengeren Palaeozoikum des 


Jour., ser. 4, v. 7, p. 27% x02 
of the Kitakami massif, northeast 


H ynsyu, 


136 


oral zones in the Akiyoshi p! 
p. 541-546. 
it Fukuji, Gifu Prefe 


ophyllum (Tetracoral) from 
yniferous of Japan } nd Geography, Te 28, nos. | 
M.. and others ) } t hie des Karbons im Kitakam birg 
n Jour., 9, 385, LIn 
summary.| 
1958a 
Fac, Sci. Jour., ser. 4 


1L958b, 


1 Nagaiwa-Series: Hokka 
(,eo 


Japan Jour., v. 6 
8, Pala tures of ssippian rov it rth Ame 


] 
lower Pennsylvanian corals 
72-208 


in formations of North Ame 


ferous fossils and their bearing on 


sritish Museum (Natural History), 


cal studies on the Permo-Carbonife 
Univ. Coll. Sei, Jour., v. 45, art. 6 
irboniterous cor il fauna, in the north 


lokyo Kyoiku Daigaku Sci, Repts., se 


n Unterkarbons Preuss 


idesanst 
1939, structure of Mt. Ibuki and 
neighbourhe e Jub tior 921-535. LIn Japanese, English 
summary.| 


Tabulata corals in the stratigraphy of 
basin (northern part): Acad. Sci, U.R 


iower 


Comptes ret 


Stainbrook, M , 194 I hiopoda of the Percha shale of New Mexico and Ar 
Jour. Pa ‘ 


662 
ee Hokkaido | Fac, Sci. Jour., ser. 4, v. 8, p. 
19 ( Perr ils Hokkaido Fa 
) ‘ yntains bibliogra y with nume 
| slaeontology pu shed 
57, O xes in the Japa slands: J 
Acad. Proc., 
af iK \J il 
hwest Jay \ 0 
U { i nes 
M the 
9 
M Nordos 
Gert 1 
» | 
j Pu 
( ~ of 
W H. M ig, M | 
\ 
() y ) 
Naga lokyo In 
| 19 {) 
Ja 
Schmidt, W. E., 1930, Die 1 es deutsch eco] 
Sok BS 139 
M SS 
lu 


Yi 


Yi 


and Upper Carboniferous in Japan 663 


ivama, Y., 1939, Some contributions to the knowledge of the Palaeozoic of the Akiyosho 
district, Mine-gun, Yamaguchi Prefecture: Geol. Soc, Japan Jour., v, 46, p. 13-22. [In 
Japanese, English summary. | 

hibana, K,, Devonian plants first discovered in Japan: Japan Acad, Proc., v, 26, p. 54. 


orivama, R., 1954, Geology of Akiyoshi, study of the Akiyoshi limestone group: Kyushu 


Sci. Mem , ser. D. v. 4. no. 1, 39.97. 
id others, 1948, Correlation of the Mississippian formations of North 
Soc, America Bull., v. 59, p, 91-106 

nd Sugiyama, T., 1939, Discovery of Lower Carboniferous corals from the 

district in Kyushu: Imp, Acad. Tokyo Proc., v. 15, no, 9, p. 300-304. 

imada 8, On the Nagaiwa formation: Fujimoto Jubilee Publication, p. 74. 
‘kovama, T., 1957, Notes on some Carboniferous corals from Taishaku district, Hiroshima 

Prefecture, Japan: Hiroshima Univ. Jour. Sci., ser. C, v, 2, no. 1, p. 73-82. 

C. C., 1934, Lower Carboniferous corals of China: Palaeontologia Sinica, ser. B, v. 


12. fas , 133 p 


58, November 1960, P, 664-6084] 


CHEMISTRY OF IGNEOUS ROCKS 
I. DIFFERENTIATION INDEX* 


P. THORNTON and O. F. TUTTLE 


ral Industries. The Pennsylvania State University, 
University Park 


R Ad S | corroborate the evidence Bowen used in 1937 
” te t f tion of complex magmas produces liquids which 
ly reach the system SiQe NaAlSiO, 

ck series the distance a given magma 
measured by calculating the norm 


ABST 


KAISiIO 
has trav 
i system: this value is called the 


ion diag ims ind i mea iit 


rrepared from 5000 analyses 
be compared at a 


eadily be 


STRODUCTION 


Si0.—NaAlSiO,—-KAISiO, in igneous petrol- 


Bowen and although his deductions have 


lhe importar 


was pointed 
been generally acce] use has been made of these important 
ft a sernes wh ch will consider some applic a- 


relations. This paper 


tions of the concept s residua system to petrologi problems, lo 


present the results of the authors’ attempts 


1. large extent these 
provide a systen hemistry of igneous rocks for students. 
paper, “Recent high-temperature research 

neous geology”. in which he discussed the 
from fractional crystallization of 

iid of six experimentally 

fractional crystallization 
vhether the other components of 


or iron silicate, 
from fractional crystallization in a 


ymplex iow this same character of enrichment 


n alkali-alumir i 
NaAlSiO,-K AISiO il toward which all magmatic liquids move on 
tio system. embracing the compositions of the rock- 


her pointed out that the system SiO 


lractior 
iorming ist bite, nepheline, leucite, and kalsilite, is 
the end allization except under very sper ial 
ads le id to it. 


umstar 
The fact tl peti ny sidua system is a goal toward which all 


lagmas wil on fractional crystallization gives it special 


of the constituents of this system present 


\ 
ina 
| ~ it No. 58-135 
664 


C. P. Thornton and O. F. Tuttle 665 


in a rock is a measure of the “basicity”! of the rock. For example if a rock 
contains 50 percent normative pyroxene and 50 percent normative albite 

orthoclase + quartz, it is exactly half-way between petrogeny’s residua system 
and a pyroxenite, The same can be said of a rock consisting of 50 percent 
normative pyroxene and 50 percent normative albite + orthoclase + neph- 
eline. If we now imagine that petrogeny’s residua system is the base of a 
tetrahedron and the top apex represents all the mafic constituents summed 
together, the distance from the top apex to a point giving the composition of a 
rock is a measure of the amount of the constituents of petrogeny’s residua 
system in the rock and is also a measure of the basicity of the rock, This 


quantity, the differentiation index (D. 1.), is the sum of the normative per- 


centages of quartz, orthoclase, albite, nepheline, leucite, and kalsilite and we 
will now consider the application of this quantitative measure of the basicity 
of a rock to various petrologic problems, The D. I. may be the same, whether 
the rock is alkaline or acid, and it is not a measure of the silica saturation. 
Since the general concept of the differentiation index is based on the 
relations proposed by Bowen, it is desirable to review the evidence he pre- 


sented in 1937, together with recent results of studies on pertinent systems. 


PETROGENY S RESIDUA SYSTEM 

lo considerable extent the low melting temperature of the alkali feldspars 
ind mixtures of these feldspars with silica on the one hand and with nepheline 
on the other, are responsible for the “residua” nature of the system SiO. 
KAISIO,-NaAlSiO,. The addition of any considerable amount of MgQ, FeO, 
or CaO, the common oxides of the mafic igneous rocks, raises the liquidus 
temperatures drastically. The binary systems Ca Mg Si. QO, (diopside) 
NaAlSi.O, (albite) (Bowen, 1915). Fe.SiO, (fayalite)—NaAISi,O, (albite) 
Bowen and Schairer. 1936), -Mg.SiO, (forsterite) — NaAlSi,O, (albite) 
(Schairer, 1957). and CaAl.Si,Og (anorthite) — (albite) (Bowen, 
1913) illustrate this relationship (fig. 1). Crystallization of liquids in all 
these systems will enrich the liquid in the constituents of alkali feldspars and 
will impoverish the liquid in the constituents of anorthite, diopside, fayalite, 
ir forsterite. In the system NaAlSi,O.—CaALSi,O, the low melting liquid has 
the composition of pure albite; in albite-diopside the liquid contains about 
three percent of the constituents of diopside; in albite-fayalite about 15 per- 
ent fayalite, and in albite-forsterite about three percent forsterite. Similar 


It has been found convenient to use the following adjectives to describe the differentia- 
! lica content of rocks: 


Having a relatively low silica content compared with other rocks of 
e same differentiation index. Shand (1943) introduced saturation 
for his modal classification of igneous rocks, Here we are using the 


term in a somewhat different sense by considering normative rather 


than modal constituents. 


Having a relatively high silica content compared with other rocks of 
the same differentiation index, 


Having a relatively low differentiation index, i. e., below 50. 


Having a relatively high differentiation index, i, e., above 50, 


saturated 

Oversaturated 

Basi 

Sali¢ 
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istrating that the final liquid on crystal 
relations undoubtedly occur in other binary systems such as MgSiO, (ensta 
tite)—NaAlSi.O., (albite), CaSiO wollastonite }—NaAlSi,Q, (albite). ete. 
Binary systems containing potash feldspar instead of albite show similar 
relations but the incongruent melting of potash feldspar complicates the pre- 
sentation of binary equilibria. The same principle can, however, be illustrated 
by the system KAISi,O.—CaAlSi,O.-H.O at 5000 bars water vapor pressure 
(Yoder, Stewart, and Smith, 1957). Figure 2 is a projection of the liquidus 
relations in this system onto the potash feldspar-anorthite side of the isobari: 
prism; here the temperatures have been lowered sufficiently by water vapor 


o permit potash feldspar to crystallize directly without the appearance of 
leucite, Crystallization in this system will produce a liquid carrying at least 
88 percent of the constituents of potash feldspar, In natural magmas othet 
constituents. in addition to water e.. silica. nepheline, etc). will act to 


lower the liquidus and solidus temperatures below the leucite stability field. 


Ternary systems, in which one of these silicates is added to silica plus 


one of the alkali-alumina-silicates. show that with crystallization an even more 
drastic enrichment of the liquid in these low melting compositions takes place. 
Figure 3 (Schairer, 1954), for example, shows that crystallization will give 
rise to a residual | quid containing less than two percent of the constituents 
»f forsterite. It is interesting to note that forsterite (or enstatite) will crystallize 


first from a / quid containing only two percent forsterite. In a discussion ol 
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TEMPERATURE 


60 
T PER CENT 
lsobaric (5000 bars) projection of the phase relations ( Yoder, Stewart, 


7) in the ternary system KAISis0.-CaAleSizO.-H2O onto the anhydrous TX 
esidual liquid on isobaric crystallization will contain more than 88% ortho- 


rystallization in the system KAISi.O,—CaMeSi.O,—SiO. Schairer and Bowen 
8) noted: 


Pyroxene (diopside) is removed first, almost quantitatively, on cooling 
id crystallizing, leaving a low-melting liquid whose composition ap- 


oaches a mixture of potash feldspar and silica 


If diopside is replaced by anorthite, the relations are essentially the same 


Bowen, 1937), anorthite crystallizes first from a liquid with an anorthite 

mtent as low as three percent. This tendency to give compositions, on crystal- 
zing, that are essentially orthoclase plus silica is found even when additional 
ilumina is present, and in the system Mg.Al,Si;0,,-KAISi,O,—SiO, (Schairer, 
L954) (fig. 4) the relations along the orthoclase-silica side line are essentially 
the same as when forsterite, anorthite, or diopside is present. 

Data for only one of the corresponding systems with soda feldspar instead 
of potash feldspar has been published: the Mg.Al,Si;0,,-NaAlSi,0;-SiO, 
system (Schairer, 1957) (fig. 5). Here the same enrichment of the liquid in 
feldspar constituents and silica takes place on crystallization and it is virtually 
certain that similar relationships will be found in the other systems involving 
soda feldspar. 

Two other systems involving albite have been studied: Fe.Si0,—NaAlSiO,— 
SiO, (Bowen, 1937), and Mg.SiO,—Me.Al,Si;0,.-NaAlSi,O; (Schairer, 1957) 
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1 Ternary phase equilibrium diagram (Schairer, 1954) for the system 
Ow-KAISiLO« SiOs, Note the low melting composition near the feldspar-silica 


nesia would be almost quantitatively removed on crystallization just as in the 
system studied by Schairer. This quantitative removal of the high melting 
substances by crystallization is, then, no magic process that cannot be under- 
stood because it is impossible in the laboratory to work with and understand 
the phase relations when more than five or six components are present; rather, 
it is a process that must go on in the magmas just as in the simple systems 
which have been studied under measured and controlled conditions in the 
laboratory 

Bowen (1937) demonstrated the principle of petrogeny’s residua system 
with six experimentally studied systems: we have looked at nine additional 
systems and it has been found that his deductions regarding the consequences 
of crystallization hold for all of these systems 

lhe rocks themselves provide evidence that crystallization produces liquids 
richer in the constituents of petrogenys residua system than the rock as a 
whole. Figure 7 has been prepared to show this relationship in a series of 
porphyritic rocks in which the aphanitic or glassy groundmass and the rock 
as a whole have been separately analyzed. The D. I. has been plotted against 
silica to show that the groundmass is, without exception, richer in the con- 


stituents of petrogeny’s residua system than is the rock as a whole. 
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differentiatior sum of the weight percentages of norma- 


yrthoclase nepheline leucite kalsilite. No more 


these norn 


ils will appear in any given norm, thus the 
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im of the percentages of three normative 


These ar constituents of the C.L.P.W. norm with one major 


northite, and veral minor exceptions, zircon, corundum, halite, 


sodium n the present study normative anorthite, 


id corundum at ns red “basic constituents” of the rock and, in 

| above, there is no doubt that anorthite 

so treated; tl ise rircon and corundum is not as strong, but 

we feel that they are more appropriate as femic constituents than as salic. 


Normative thenardite. halite. and sodium carbonate occur in insignificant 


amounts and no serious is introduced by ignoring them for the present 


study. 


In a rigorous calculation of the differentiation index the norm should be 


summed to 100 percent excluding halite, thenardite, sodium carbonate, sodium 


metasilicate, potassium metasilicate, water, and other minor constituents; in 


the present survey of the norms in Washington’s Tables this has not been done 
because the error is negligible in all but a few analyses and the labor involved 


in making the correction is considerable. 
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Fig. 6. Phase equilibrium diagram for the system MgeAlSisOu—MgaSi0.-NaAlSis0e 


(Schairer, 1957). The low melting compositions are rich in albite, 


The differentiation index for the major igneous rocks of Daly’s (1914) 


averages are as follows: 


Alkali granite Alkali rhyolite 
Granite Rhyolite 
Granodiorite 7 Quartz latite 
Diorite Andesite 
Gabbro Basalt 

Olivine gabbro ; Olivine diabase 
Peridotite Picrite 


FREQUENCY DISTRIBUTION OF THE DIFFERENTIATION INDEX OF IGNEOUS ROCKS 


The differentiation indices of the 5000 superior analyses of igneous rocks 
in Washineton’s Tables are shown in the histogram of figure 8. The maximum 
at D.I, $7 


Perhaps the most interesting feature is the uniform number of analyses in the 


represents the very large number of analyses of granitic rocks. 


range DI. 70 to 30, the range of the intermediate and basic igneous rocks, 
This diagram should be compared with the silica frequency histogram pre- 
pared by Richardson and Sneesby (1922) which has been widely reproduced 
in petrologic literature. The silica histogram shows two maxima, one at 52.5 
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Histogram illustrating the distribution of the differentiation index for 
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fies. 8-15) by plotting the oxide percentage against the differentiation index 


for 5000 analyses in Washington’s Tables, As it is not convenient to reproduc e 


these diagrams directly, they have been contoured by the usual petrofabric 


ter hnique in order that the Irequency distribution of analyses can be seen at 
i glance, All analyses fall within the outermost contour. The counting area was 
0.16 percent instead of the usual one percent area used in petrofabric work; 
the area was square since it was centered on rectangular diagrams, The small 
counting area is necessary because the concentrations of points are very high 
(some 0.16 percent areas contained over 200 points) because much of each 
diagram is necessarily void of points. 

In all the diagrams, with the exception of silica, the area between the 
sutermost and the next higher contour contains from 1 to 25 points in a 0.16 
percent area, the next area contains 26-50 points, the next 51-75, then 76-100, 
101-125, 126-150, 151-175, ete. In the silica diagram two extra contours are 
ncluded because of the greater spread in SiQ. values, These contours repre- 

26-38, and 39-50 points in a 0.16 percent area. 

Silica distribution._-The maximum concentration of this diagram (fig. 9) 
falls along a relatively straight line running from approximately 37 percent at 
1.1 0 to 80 percent at D.1. 100. Two maxima occur on the diagram, one 

ea, 38 and a silica content of about 52 (corresponding to the 
basalts and gabbros) and the other, a very strong maxima, at D.I. ca, 90 
ind a silica content of 75 percent (corresponding to the granites and rhyolites). 
Phe “ridges” or trends of the maxima are along the compositions for the silicic 
rock series As the nepheline-bearing rocks are low in silica, they are well 
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ed from th | rocks on this diagram. The small subsidiary may 
mum at D.] g > probably represents the relatively large num 
ber of nepheline syenites and phonolites which have been analyzed. 

The silica-D.1, diagram is a uselul means ol distinguishing undersaturated 
from oversaturated rocks, If a line is drawn from the silica content of albite at 
DI. 100 (68.7% silica) ilica content of anorthite at D.I, 0) 

13.2% silica). those analyses falling below the line are largely undersaturated 
whereas those above the line are oversaturated (fig. 10). This is obvious in 


figure 10 where the silica content of the minerals of petrogeny’s residua system 


are plotted along the D.| 100 coordinate and the silica content of the femi 


normative minerals are along the D.I, 0 coordinate, Here a saturated rock 
would be expected to fall in or near the area albite-orthoclase-anorthite and 
when the rock is largely a mixture of these constituents (as in the case of a 
trachyte. svenite. or anorthosite). it will fall in this area. Undersaturated 


rocks will then generally fall below this dividing line because the undersatu- 
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Contours ilica-differentiation index diagram illustrating the silica content 
Or, Ab, Le, Ne, Ks, En, Wo, Fs, Fo, An, Fa, Mt, and II together with 
rages for some extrusive rocks (Nockolds, 1954), Oversaturated rocks will 
above the line from Or to An whereas undersaturated rocks will fall below 


rated minerals leucite, nepheline, kalsilite, and fayalite carry less SiO, than do 


the feldspars, whereas most oversaturated rocks will fall above the line. 
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toured diagram showing the distribution of the CaO content of the 5000 


ton’s Tables as a function of differentiation index. 


{lkali distribution.—The distributions of K.O0 and Na.O are shown in 
ficures 16 and 17. The most interesting feature is the contrast between soda 


and potash, The maximum for soda indicates that in most rocks the soda con- 


tent is remarkably constant whereas there is a steady increase in the potash 


677 
25 
O 
N 
15 
be 
O 
OD 
\ 
S ail / 
100 80 60 40 20 0 
12. Co ) 
30 
O 
25 O 
20 
re) 
ay 
Li, 
95 » 
00 90 20 
if Was! 


C. P. Thornton and O. F. Tuttle 


WT. PERCENT MgO 


40 
DIFFERENTIATION INDEX 
NORMATIVE PERCENT Q+Ab+Or+Ne*+Kp +Lc) 


distribution of the MeO content of the 5000 
tion of differentiation index. 


40 20 


DIFFERENTIATION INDEX 


PERCENT Q+*Ab+Or+Ne+Kp 


owing the distribution of the FeO content of th 
of differentiation index 


mtent with increasing D.I. This is a result of the fact that soda is continually 
taken from magmatic | quids during crystallization as a component of plagio- 
lase feldspar and amphiboles, whi potash is generally held in the liquid until 


alkali feldspar crystallizes or until the water content is suffi iently high to 


pre ipitate biotite 
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ed diagram showing the distribution of the K2O content of the 5000 
ton’s Tables as a function of differentiation index. 
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Fig, 17. Contoured diagram showing the distribution of the NasO content of the 5000 
nalyses of Washington's Tables as a function of differentiation index. 


The potash diagram has two maxima, one corresponding to basaltic and 
eabbroic rocks, and the other (D.1. 90) to granitic and rhyolitic rocks; the 
soda distribution has only one maximum in the range D.1. 75-95. 

Summary.—On the basis of 5000 analyses in Washington’s Tables it can 
he said that as the D.I. increases, (1) silica and potash increase continuously 
in the majority of analyses, (2) lime, magnesia, and ferrous oxide decrease 
continuously throughout the series, (3) there is little or no change in soda and 
ferric oxide content, although the former decreases in the ultrabasic rocks and 
the latter decreases sharply at the salic end of the series, and (4) the silica 
and potash diagrams show two maxima, one near D.I. 90, and the other at 
D.1. 35-38 corresponding, presumably, to the granites and rhyolites on the 
one hand, and to the gabbros and basalts on the other. 


VARIATION DIAGRAMS 
The differentiation index is a natural quantity to use for variation dia- 
erams of rock series since it is based on experimental data corroborated by 
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rrams although many have realized that it has serious disadvantages for this 
purpose. Attempts to use other quantities for variation diagrams such as the 
Larsen index (1/3Si0, + H,O —- Fe — MgO — CaO) have not been universally 
acce pted., 

The frequency diagrams described above provide useful background in- 
formation for variation diagrams because they show the compositions of all 
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Classification of igneous rocks.—As the differentiation index is a measure 
of the amount of salic and femic constituents in the norm, it can be used as a 
classification of the igneous rocks, There is only one D.1. for each chemical 
composition and, when used in connection with a modal classification, it pro- 
vides information on the basicity of a rock which the modal analysis alone 
does not supply. Each of the various rock types in a classification by modal 
composition has a wide range in chemical composition because of the extensive 
solid solution possible in the minerals as well as the range permitted by varia- 
tions in the amounts of minerals present; the use of the D.I, in addition to the 
modal classification gives the petrologist some knowledge as to where a given 
ock falls in the range of admissible compositions, It is possible, for example, 
to have a granodiorite, an adamellite, and a granite all with the same chemical 
composition, the mineralogical difference being the result of the variable 
amount of plagioclase held in solid solution in the potassium feldspar, The 
D).1. of these three rocks would, of course. be the same and would indicate that 
they were chemically intermediate between a normal granite and a normal 
rranodiorite. 

Discussion.—The importance of the concept that the system SiO 
NaAlSiO,-KAISIO, represents the goal of fractional crystallization of mag- 
mas and therefore a goal toward which all magmas tend to reach, has been 
onsidered in view of recent experimental studies and found to rest on a 
firmer foundation than when originally proposed by Bowen. 

These experimental results, together with new evidence from the rocks 
themselves, put this concept of Bowen in the category of a petrologic law rather 
than of a theory or hypothesis. 

lhe position of the rock in the series basic — salic can be quantitatively 
determined from the norm by summing the salic or femic constituents after 
certain minor readjustments in the normative minerals, We have chosen the 
alic constituents to calculate the differentiation index. Slight adjustments in 
the normative constituents of the salic and femic divisions are necessary be- 
cause certain constituents such as anorthite of the salic group do not fall in 
pelrogeny s residua system. It is certain, however, that the authors of the 
C.1.P.W. classification would have placed anorthite in the femic group had 
they had the benefit of experimental studies which were just beginning when 


the classification was formulated in 1902. 
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REVIEWS 

Vineralogy (Concepts, Descriptions, Determinations) ; by L. G. BERRY 
and Brian Mason. P. xi, 612; 265 figs. San Francisco, 1959 (W. H. Freeman 
and Company, $8.75). Dana’s Manual of Mineralogy, 17th ed.; revised by 
Cornetius S, Hurtpurt, Jr. P. xi, 609; 634 figs. New York, 1959 (John Wiley 
and Sons, $11.50).—These two outstanding textbooks for introductory min- 
eralogy were published about a month apart late in 1959, Their similarity in 
size, scope, and general approach allows one to consider them together and to 
compare and contrast their good points as well as any not quite so good. 

Textbooks in mineralogy have lagged far behind the times, Descriptive 
mineralogy has been presented largely as isolated factual data, with very little, 
if any, explanation based upon fundamental principles of crystal chemistry. 
Suddenly the situation has vastly improved. like a breath of fresh air let into 
a hot and stuffy room. with the publication of these two books, each vitally 
concerned with crystallochemical principles and commencing to treat minerals 
for the first time in the light of those principles. 

Berry-Mason deserves the greatest praise, since it is a first edition and 
started from scratch. What marks this text especially is its thoroughness and 
its unmistakably authoritative treatment of fundamental principles, The sec- 
tion on morphologic crystallography is almost too thorough, and perhaps aimed 
a bit high for the introductory student, but it is in the relatively brief sections 
on the chemistry, physics and genesis of minerals that this book is extraordi- 
narily lucid and altogether outstanding. The second half of the book on de- 
scriptive mineralogy is well done. with the highlights here being the clean-cut 
atomic-structure diagrams and crystal drawings, the explanations of atomic 
structures, the summaries introducing each class, and the enlightening analyses 
of summarized data on isostructural groups and atomic-substitution series, 

lhe latest Hurlbut revision of Dana’s Manual merits very high praise also, 
for the impressive amount of new material added to an already excellent and 
best-selling text. The section on crystal chemistry has been immensely im- 
proved, while that on morphologic crystallography has a much wider scope. A 
helpful introduction to X-ray crystallography is now included, The section on 
descriptive mineralogy has benefited most of all, with the high points here 
being the informative photographs of structure models, the enlarged introduc- 
tions to classes, and the thorough interpretations of data on isostructural groups 
and silicate structure types. 

Berry-Mason is weak in its brief treatment of blowpipe and chemical 
testing, despite the lessening need for these, The line-by-line listing of principal 
data under des« riptive mineralogy follows a ood s( heme of simplified presenta- 
tion; but actually the bare data seem spread too far apart, and they might sink 
in better if tied more closely together in related paragraphs, | feel that there is 


a deficiency of photographs, and some of those used are not as apt as they 


might be (some mineralogists, of course, claim these are unnecessary), 
Dana-Hurlbut presents more kinds of useful material than Berry-Mason. 
Its summary on mineral uses, list of minerals in order of density, and mineral 
index are highly useful to the student. But this book is less complete than the 
other in its explanations of certain data and a bit less lucid at times in its 
treatment of fundamental principles. Its new arrangement of the silicates, al- 
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though based on th \ der to be used in Dana’s System, may prove ill- 
advised for teaching purposes, It helps greatly in this course to take up the 
commoner rock-forming silicates first, which is the way these tend to be 
arranged in the order customarily followed, Now as one goes clear to the end 
of the silicates searching for quartz and the feldspars, this seems an awkward 
jump. An older order tha proved advantageous in teaching may still merit 
preterence over a newer don other considerations. 
texts seem to me un essarily long. Will the day ever come when a 
edition of a textb prove shorter than the last! | p-to-date material has 
idded, but why cannot some of the ‘r, less important data be omitted 
concurrently? It m wpoint of the beginning student be considered 
maybe he ont welcome the sight of 600 pages, but instead becomes in 
creasingly discoura ry tl » always thicker and heavier volumes handed 
him for digestion. Bot! x! uld have omitted or drastically shortened the 
} tables (this is cookbook mineralogy and it 


stresses > wrong W » learn n al identification), and also a lot of the 
more detailed data und norphol crystallography (there is only limited 
time for this subject in the I tory course), Under descriptive mineralogy 
there surely could be duction in quantity of less-essential data or else 
a more economic space ul of the essential data, without harming the 
substance and fullest 1 Is « ntroductory mineralogy. About 200 mineral 
sper are covered in both texts: here is a chance to cut down still further, by 
possible removal of many minerals too uncommon to be of use to the elementary 
student. The number of sp ven to students in this course is unimportant 

t is far more important to ure that students have time enough to cart 
fully study and thoroughly) rn ¢ if the minerals assigned. Deletions and 
condensations in both tex ! f those suggested, would depart irom 
custom and thus take coura sut these might cut out at least a hundred pages 
of non-essential mat ui that illy may be at cTross-purposes with the pri 


mary ims oO! 


Most teachers of mi: " igree, I'm sure, that our introductory 


has o ma l ns to fulfill, The first concerns the statement and 

les upon which modern-day mineralogical 

a precise, but also concise and easily 

ommoner minerals. a knowledge of 

field of geology, At the same time this 

sely related to geology in all possible 

function can be interconnected with the 

It is a pleasure to pay tribute to the 

as well as the successful fulfillment 

two | la yuTy hour in both textbooks here considered, \ 

possible third function to | filled by texts for this course, but one on which 
there is much disagr ent the aim of maintaining wherever feasible a 
continuing thread of popular interest. One teacher will regard this element as 
window-dressing and harm! entific substance of the course, Another 
man may find such ippro an effective means of arousing genuine interest 


among his student wh a peal to interest, if not overplayed on the super- 
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ficial and non-scientific level, surely at its best can reinforce intellectual 
curiosity and enthusiasm of the keenest sort for science. It is not our doing, as 
mineralogists, that our subject is so potentially rich in human interest—but 


maybe it becomes our responsibility to see if we cannot utilize this element in 


the proper spirit and most effective way. 

Some of us are now faced with the problem of choosing between Berry- 
Mason and Dana-Hurlbut. I can only suggest my own solution to this, espe- 
cially applicable to a full-year course, which is to use both texts jointly, In 
experimenting with this procedure, | find that over and over again one book 


reinforces the other with little overlapping of that material of greatest aid to 

the student. In any case, two such extra-fine textbooks surely will do much to 

encourage the teaching of an improved course in introductory mineralogy. 
ARTHUR MONTGOMERY 


Vineralogical Study on Clays of Japan; by Tosnio Supo, P, viii, 328; 
many figures and diagrams, two folded plates. Tokyo, 1959 (Maruzen Co., 
Lid., $10.00).—Part I (p. 1-72) is a general statement reviewing character- 
istics of various clay minerals; it includes chapters on methods of identification, 
characteristics and diagnostics, and classification of clay minerals based on 
the following binary divisions: (1) chain-structures or sheets; (2) the sheets 
are divided into two families, 2:1 and 1:1; (3) di-octahedral and tri-octahedral 
types. Also considered are ordering of layers, principles of formation, and pH 
values of clay minerals. 

Part Il (p. 73-328) systematically describes the clay minerals found in 
Japan. Chapters or groups of chapters describe mica clay minerals, kaolin 
minerals, mixed-layer minerals from certain places, kaolin minerals altered 
from volcanic ash, certain aspects of bentonites, montmorillonites, green mica 
clay minerals, and association between metallic [ore-] minerals and clays, A 
list of references is given at the end of each chapter. An index is lacking, but 
items of special interest can occasionally be located in the 7-page table of 
contents. 

lhe author's preface states that the book is not intended to be compre- 
hensive, but rather to discuss general concepts and to delineate the characters 
of selected Japanese specimens. Clay minerals show “individuality” reflecting 
origin, and one of the very interesting (though not unexpected) conclusions is 
that a high proportion of Japanese clays are of volcanic origin. Dr. Sudo has 
considered this problem from many different viewpoints and he presents im- 
pressive evidence of the thesis. It is a pleasure to recommend the volume to 


clay mineralogists everywhere. HORACE WINCHELL 


Our Mineral Resources, An Elementary Texthook in Economic Geology; 
by Cuaries M. Ritey. P. x, 338; 102 figs. New York, 1959 (John Wiley and 
Sons, Inc., $6.95) .—*This book has been written with the viewpoint of supply- 
ing the needs for an elementary course in economic geology, Such a course 
could be an introduction to a curriculum for the training of a professional 
geologist, as well as a cultural course in earth science attended by students 
seeking degrees in other fields.” These introductory statements outline the aim 
of this new textbook; it has been reached in some ways, and missed in many 
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i whole it in not be re ommended: not for the professional eeol- 

1use it is dogmatic and incomplete in its treatment of basic principles, 

for a “cultural” course because it is not built on history and there is 
ulture without a sound historical perspective. 

The book is subdivided into two sections, Section I on metallic minerals, 
and Section II on non-metallic minerals, Lindgren stated in the preface to the 
first edition of his textbook on mineral deposits (1913): “It is the custom to 
divide the mineral deposits into two groups—the metallic and the non-metallic 

of division which can hardly be defended except on the sround of 
long-established habit.” Today probably more minerals are used for metallic 
as well as for non-metallic “purposes” than in 1913, Also, “long-established 
habits” need to be done away with as promptly as possible if there is no scien- 
tific and practical reason for them 

It is undoubtedly very difficult to write a book on controversial subjects 
for a beginner, Yet we may ask why the author does not restrict himself more 
to a description instead of indulging almost on every page in geneti dis- 
cussions for which he does not prepare the student, Chapter one on “Principles 
of Ore Deposition” includes only 45 pages. It is a colorful conglomerate of 
geometric, geochemical, and genetic concepts. To mention only one example, 
the “secondary” openings in r ire discussed under the genetic title “hy- 
drothermal deposits.” 

The possibilities of contemporaneous formations in igneous or sedimentary 
rocks are practically ignored in this chapter on principles and only sporadical- 
ly mentioned as alternatives in later chapters, Instead of referring to classic 
ipers, some reconce d ‘Ss are referred to as new Knight's source- 
bed concept, which I ncomplete reconception of Sandberg’s lateral 
secretion theory). Inste inting to the basic possibilities of ore deposi- 


tion In space ind time VI ind « pigenetic, endo- and exogenetic the author 


discusses such controvers wossibilities as the formation of ore deposits by 


eranitizati: rdly appropriate to refer to the papers of Goranson, 

Knigl ulliva the only references inside a 15-page elementary intro- 
duc 1p ples « Ol tior 

major deposits of the main metals, The selec- 

zation of the material inside each chapter 

neat and clear, As in other textbooks and 

s picturing mineral deposits with ore body 

discussions on ore genesis, Ore body maps 

not accurate enough for genetic considera- 

it often match or parallel the outlines of the 

il mineral de; 

Chapters 11 t id ndustrial rocks and minerals, Again the selec- 
tion of material i lo le genetic presentation outdated and usually 
onesided. The six a contain a glossary with some 120 terms (some of 
which are in » irrow): a list of the chemical elements; a geologic 
time scale; a list of tl re minerals of various metals; a list of valuable non- 
metallic minerals; get references: and an index. 
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